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ABSTRACT
The first examples of ruthenium mixed ligand complexes of the type
[Ru(bpy)2 L]+, in which bpy = 2,2'-bipyridine and L = the
cyclometallating ligands 2-(3'nitrophenyl)pyridine (1),
2-phenylpyridine (2), benzoth]quinoline (3), azobenzene CM), and
p-dimethylaminoazobenzene (5)( have been prepared and characterized.
The first use for this type of compound of two-dimensional homo-nuclear
decoupled auto-correlated Fourier transform

NMR (HDCOSY) spectra,

have allowed the assignment of all distinguishable aromatic protons in
each compound, and have confirmed the cyclometallation of L.

The

absorption spectrum of each of the complexes contains several low energy
bands which are assigned as metal-to-ligand charge-transfer (MLCT)
transitions.

The compounds do not emit light following photoexcitation

of deaerated acetonitrile solutions at room temperature, but emission of
light is observed from EtOH/MeOH (4:1) glasses of the compounds with L
= 1 , 2 , and 3 at 77K.

These results and some calculations on the

ligands, at the CNDO level of approximation, lead to the assignment of
the lowest energy MLCT band as 7T*(bpy) <and as 7T# (L)

dir(Ru) for L = 1, 2 and 3

d7T (Ru) for L = 4 and 5.

The major perturbations resulting from cyclometallation are an
increase in electron density around the metal atom and an increase in
the crystal field strength.

These changes are reflected in the

electrochemical behavior of the complexes that is shown in the cyclic
voltarnnetry experiments as well as in their spectroscopic behavior that

xvi

is shown in the absorption, emission, and photochemical experiments.
These results are contrasted with those of the diimine ruthenium
analogues.
An X-ray crystal structure determination of [RuCbpy^ 1]+ has
revealed a shorter (by 0.18 2) than single bond Ru-C distance (1.997
(7)), suggesting substantial multiple bonding (M — > L

). The Ru-N

bond trans to the Ru-C bond is longer than the other Ru-N bonds by
0.05-0.10 2, as expected from the trans influence of the strong field
carbanion ligand.

xvii

INTRODUCTION
The interest in the development of systems capable of the
collection and storage of solar energy in the form of chemical
potential, and in the production of electricity, has grown considerably
in the last few years.

Inorganic systems have played an important role

In these developments, and these findings have encouraged the search for
new and improved systems for these purposes.

At the same time in

independent (and related to the above) projects, the knowledge of the
photochemistry and photophysics of inorganic systems has grown
extensively and these areas of research are at present extremely active.
The photogeneration of hydrogen from water is a promising means of
storage of solar energy and has been widely studied.

The

light-induced production of hydrogen and oxygen is based on the photo
induced electron transfer between a sensitizer and a relay compound and
the subsequent reactions of the highly oxidized or reduced species so
generated over active catalysts for hydrogen or oxygen formation.

The

ability of such systems to generate hydrogen and oxygen (especially with
Ru(bpy>22+ (bpy = 2,2*-bipyridine) as sensitizer) has already been
demonstrated but at present their efficiency and long-term stabilities
tend to be low and a practical system has yet to be developed.
There are several other inorganic energy-storage reactions that
involve photoredox chemistry, amongst than generation of bromine from
FeBr2+102, photochemical splitting of HC1 into H2 and Cl2 by IrClg3-103,
and reduction of C02 to CO by systems containing R^bpy)^2*, Co^py)^2*,
triethylamine, C02 , and a mixture of acetonitrile-water solvent.

104
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On the other hand, the use of luminescent solar concentrators (LSC)
for concentrating both direct and diffuse sunlight for use in light
displays and for conversion into electrical energy has been
discussed.^5,106

^he usg of inorganjlc complexes of ruthenium(II) and

osmium(II) with 2,2'-bipyridine and 1,10-phenanthroline as feasible dyes
107
for use in LSC has been recently reported.
There is very little in the literature about the use of
cyclometallated transition metal complexes as potential
photosensitizers, or about their basic spectroscopic, photochemical, and
electrochemical characteristics.
In this introduction a general historical account about the
photo-production of hydrogen by means of inorganic systems will be
given.

An analysis of the thermodynamic and kinetic limitations (with

emphasis on reactions occurring in homogeneous a phase) on converting
solar energy into chemical energy will be presented.

The basics of

cyclometallation reactions and the little published data on their
photophysical properties will be discussed.

Finally the aims and scope

of this research will be outlined.
1nfl

Historical Background:

Some of the earliest claims of

photochemical energy conversion to produce hydrogen and oxygen from
water involve light-induced electron transfer reactions.

In 1953,

Lawrence J. Heidt, working at M.I.T., produced hydrogen from water by
irradiating aqueous CeJ

ion.

Irradiation of many low-valent ions in

aqueous solution can evolve hydrogen and generate a metal ion complex in
a higher oxidation state.

In some systems, including the Cu2+^ +

3

system, studied by a group at New Mexico State University under Dennis
D. Davis, the overall conversion involves a fairly large positive AG.
However, some reactions that evolve hydrogen are merely
light-accelerated, processes which involve a negative

AG, such as the

europium reaction:

2 Eu2+ + 2H+ ------> 2 Eu3+ + H2
All of the simple, mononuclear, aqueous metal ion systems involving
an uphill reaction require ultraviolet excitation.

Response in these

systems to the solar spectrum at the earth's surface is minimal.
Moreover, none of these systems have been shown to yield both hydrogen
and oxygen.

Rather, the resulting mixture is hydrogen plus the oxidized

metal ion.
Irradiation of certain high-valent metal ions in aqueous solution
does, however, yield the low-valent species and oxygen, suggesting that
it may be possible to split water.

However, when any significant amount

of metal ions Mn+ and M^n+^ are present in solution, excitation of
M(n+1) results in its reduction and the oxidation of Mn+. That is,
light-accelerated electron exchange occurs, and yields of oxygen and
even hydrogen can become imperceptibly low.

Actually the

light-catalyzed electron exchange could be inhibited.

The response of

simple, mononuclear systems to the solar spectrum, however, is minimal.
In recent years, two new approaches have been followed in research
on solution photoredox processes.

The first involves the use of

mononuclear metal complexes exhibiting relatively long-lived excited

states.

These states are created by efficient visible-light absorption

associated with energetically low-lying metal-to-ligand charge transfer
transitions.

The excited states of molecules generally are more

powerful oxidants and reductants.

The one-electron molecular orbital

schemes shown in Figure 1 illustrate the properties of these states.
Unfortunately, many of the mononuclear complexes that absorb visible
light are outer-sphere, one electron, reversible redox reagents.

Hence,

although transfer of an electron to or from some species in solution
occurs, it may not be detectable because of very fast back electron
transfer (Figure 2 ).
The prototype charge transfer systems might include Ru(bpy)^+, as
well as various related species that have strong visible-light
absorption associated with the metal-to-ligand charge transfer and have
£

excited-state lifetimes of about 10“

second.

The lifetimes are long

enough to allow the efficiency of excited-state electron transfer to
approach 100?.

Researchers have shown that the energy content of the

primary redox products can be as high as the theoretical one.

That is,

all of the energy of the lowest excited state of the light absorber can
be converted into light-energy redox products.

These promising findings

are offset, however, because the primary redox products often back-react
at a rate that prevents isolation or formation of inert, high-energy
materials.
Several attempts to retard the rate of back electron transfer
and/or catalyze the rate of thermodynamically favorable reactions
starting with the primary electron transfer products have been tried.
D.G. Whitten and T.J. Meyer at the University of North Carolina and N.

Electron

Energy,E

LUMO

Threshold
energy

HOMO-

Electrons

Ground S tate

Excited electron
provides greater
reducing power

hv_

Electron

Photogenerated
” h o l e ”p r o v i d e s
g r e a t e r oxidizing
power

Excited S tate

Figure 1. One-electron molecular orbital schemes show that the excited
state is simultaneously a more powerful reductant and oxidant
than the ground state.
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I

A* + B
Electron

ENERGY

Transfer

h 2o

A 4* B

Figure 2.

Kinetic
barrier

Back electron
transfer

A *f B

Schematic sequence showing the different possibilities for
the optical energy stored in the electron donor, B, and
acceptor,A,system after electron transfer. For low
kinetic barrier rapid back electron transfer occurs.
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Sutin and C. Creutz at Brookhaven National Laboratory have been actively
doing research in this area for several years. J.M. Lehn in Strasbourg,
n
France, M. Gratzel in Lausanne, Switzerland, and M. Calvin at Berkeley
also have been concerned with producing hydrogen from water using metal
complexes.
A second line of activity, conducted by Harry Gray at the
California Institute of Technology, involved dinuclear, metal-to-metal
bonded substances that absorb strongly in the visible spectrum and
possibly have rather long-lived excited states.

But perhaps more

important, these dinuclear species may transfer two electrons after
absorption of a single photon.

One of the species under study is a

Rh(I) - Rh(I) complex that, upon irradiation with low-energy visible
light, yields hydrogen and a Rh(II) - Rh(II) complex in concentrated
hydrochloric acid.

As with the mononuclear systems, the Rh(I) - Rh(I)

system has not been shown to sustain the conversion of light to chemical
energy because the Rh(II) - Rh(II) product does not result in any
oxidation process (oxygen or chlorine evolution) to regenerate the Rh(I)
- Rh(I) light absorber.
The time period, 1979 down to now, has witnessed the most prolific
accumulation of experimental data on the subject of the photogeneration
of hydrogen.

More recent work in Europe has appeared as

proceedings^00' ^

and as individual papers.

Heterogeneous

catalysts in colloids have been introduced to the original homogeneous
systems and successful improvements in their water splitting
efficiencies have been observed.

110
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Thermodynamic. Aspects of-Photochemical Energy. Conversion: Any
endergonic photochemical reaction represents a conversion of light
energy into chemical energy.

A kinetlcally stable photoproduct must be

considered as a "fuel" since it can be stored, transported, and then
converted to other chemical species with the evolution of the stored
energy.

Therefore, direct conversion of solar radiation into chemical

energy, in principle, is a very useful conversion mode since it remedies
the major defects of solar energy, namely its low density and
intermittency.
In looking for a photochemical process to be used as a solar energy
conversion system, some obvious restrictions must be taken into
consideration: i) the solar radiation that reaches the surface of the
earth has a defined wavelength distribution (Figure 3); ii) the infrared
radiation is not useful for generating photochemical reactions since it
cannot cause electronic excitation; iii) the ecological equilibrium of
our planet must not be perturbed; iv) the system to be used should be as
economical as possible.

Taking these restrictions into account, there

can be stated eight requirements for systems to be used for the
photochemical conversion of solar energy.
have been discussed in detail elsewhere,

11 1

These requirements, which
are as follows:

i) The electronic absorption spectrum of the system must overlap that
portion of the emission spectrum of the sun which reaches the earth's
surface.
ii) Upon absorption of solar radiation, the system must be able to
undergo an endergonic photoreaction.
iii) The endergonic photoreaction must be followed by other (thermal or

9

INFRARED

Air Mass Zero
1.6

Air Mass One
1.2

W m " znm'1

SOLAR SPECTRAL IRRADIANCE

2.0

0.8

0.4
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800 '

120b-1

1600

2000

2400

WAVELENGTH,nm
Figure 3.

Solar spectral distribution outside the Earth's atmosphere
(air mass 0) and at normal incidence to the Earth's surface
(air mass 1).
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photochemical) reactions which must return the system to its original
state (in other words, the process must be a closed cycle).
iv) The quantum yield of the endergonic photoreaction must be as high as
possible.
v) At least one of the exergonic reactions involved in the cycle must
take place under controlled conditions (useful reaction).
vi) The useful reaction should return as large a portion as possible of
the solar energy absorbed.
vii) The reactants of the useful reaction should be suitable for storage
and transportation.
viii) The system must be as economical as possible.
There are several factors that limit the efficiency of converting
solar energy to chemical energy.

112

If we consider the endergonic

photochemical reaction shown in Figure 4, in which R represents a single
absorbing reactant and P is the primary photoproduct, then absorption of
*
*
a photon of energy E raises R to an excited state, R , which then
undergoes conversion to P. The amount of energy stored in P corresponds
to the free energy change,AG that can be used to drive a reaction.

The

overall efficiency of converting radiant energy to chemical energy is
decreased by several fundamental loss processes.
«
t
1) The minimum energy required to excite R to R , E , is established by
the quantum nature of light.

Photons having energies below this

threshold value will not be absorbed and they cannot therefore initiate
the photochemical reaction.
2) Photons with energies greater than E
vibrationally excited levels of R

result in the population of

(See Figure 4).

In condensed media,

R*
A

AG*

E*
i

AG
i
i
l
I
i

R
Figure

±
Photochemical energy-storage cycle.
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*
however, internal conversion rapidly returns R to its lowest
vibrational level and any energy in excess of E* is lost to the
surroundings as heat.
3) An additional loss term arises from the thermodynamics of converting
ight to chemical energy.
*

energy E

For an ideal system in which all photons of

are absorbed and formation of P occurs with essentially unit

quantum yield (is not exactly one because of a small radiative loss
term), the conversion efficiency reaches a maximum value of
approximately 32? for an excitation threshold of 840 nm and solar
radiation corresponding to AM = 1.2 (AM or air mass is defined by the
relationship AM = l/(sin0), in which 6 denotes the angle between the
incident beam and the tangent to the Earth's surface).
Further reductions in this ideal efficiency can be expected from
incomplete absorption of photons having energies above the threshold
«

value, nonradiative decay of R to R, and the energy loss(es) associated
*
with the conversion of R to a kinetically stable product. Considering
these nonidealities Bolton
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concludes that the net efficiency of

converting solar energy to stored chemical energy in real systems is
unlikely to exceed 12-13? (photosynthesis has a conversion efficiency of
only 5-6? under controlled laboratory conditions).

Kinetic_and Mechanistic Aspects, of Photochemical Energy Conversion:
The kinetic and mechanistic aspects of photo-induced electron transfer
reactions of metal complexes in solutions will be illustrated by
considering the ground and excited state reactions of the
polypyridine-ruthenium complexes.

In so doing use will be made of

13

theoretical models that have been developed for thermal electron
transfer reactions in solution and, based upon these models, some
criteria for selecting systems for study will be proposed.
The electron transfer reactions of the excited state of Ru(bpy)^2+*
were first reported by Gafney and Adamson
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while Creutz and Sutin
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were the first to point out that the trisCbipyridine) ruthenium
complexes might be capable of effecting the decomposition of water
induced by visible light.

Numerous investigators have contributed to
2 * 115-132

characterizing the properties and the reactions of RuCbpy)^

.

These studies have shown that the ground state complex absorbs visible
light to fora a d-to-'Tr* charge transfer excited state which is
relatively long-lived (lifetime 0.6 m s in water) and which undergoes
facile electron transfer reactions:
„
hv
#
Ru(bpy)3 + --- > [Ru:S+(bpy)2(bpy"‘)3

(1)3

The formation of the excited state can be viewed as the creation of
an electron-hole pair within the complex (Equation (1)).

As a

consequence the excited molecule is expected to be both a stronger
reductant and a stronger oxidant than the ground state molecule by the
excitation free energy of 2.1 eV.

This characteristic is reflected in

the reduction potentials (-1.26V vs +.84V for the ground and excited
state respectively).

It should be noted that Ru(bpy)32+* is not as good

a reductant as Ru(bpy)3+ nor as good an oxidant as Ru(bpy)3^+.
2+
Unlike many metal complexes, Ru(bpy)3
does not readily undergo
photochemical loss of ligands.

In fact, in the absence of other

reagents, this complex undergoes no net photochemical reaction when
oxygen-free aqueous solutions at room temperature are irradiated with
visible light.

The reactions of the excited molecules are therefore

restricted, in these systems, primarily to outer sphere electron
transfer and to energy transfer processes.
undergo three types of bimolecular reaction.

The excited molecules
These are electron loss

(Equation (2)), electron addition (Equation (3)) and energy transfer
(Equation (4)).
RuL32+* + Q -- > Ru L33+ + Q"

(2a)

Ru L32+* + Q —

(3a)

Ru L32+* + Q —

> RuL-.+ + Q+
2+
*
+ Q
> RuL3

(*D

In the first reaction (termed oxidative quenching), the excited
*
state transfers a w electron to a suitable substrate, while in the
second (termed reductive quenching), an electron is added to the d^
metal center of the excited state.
RuL^+ and RuL3+, respectively.

The products of these reactions are

The former is a very powerful oxidizing

agent and the latter a very powerful reductant.

The quenching reactions

thus convert the excited state into ruthenium species which have longer
lifetimes than the excited state and which are more oxidizing (Equation
(2)) or more reducing (Equation (3)) than the excited state itself.
a consequence of the reaction of the excited complex with a redox
quencher the electron and hole produced by photon absorption are
separated and become localized on different molecules

As
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^

[Ru3+(bpy)3] + Q“

(2b)

[Ru +(bpy)2(bpy")] + Q+

(3b)

[Ru3+(bpy).(bpy“)]* + Q

A suitable quencher thus must satisfy several conditions: its
reactions with the excited complex must be rapid (since the lifetime of
the excited state is short) but not too exergonlc (since this will
decrease the energy available for storage), and the back reaction of the
reduced or oxidized quencher with the oxidized or reduced complex must
be relatively slow (so that the electron transfer products can have time
to undergo secondary reactions).
Several examples of oxidative quenching of the excited state of
2+

RuL.

have been presented in the literature: oxidation by aquo metal
*J19
o 117,123
. 123
2 125
ions (e.g. Tl3
, Fe3
, Eu3
and Cu
), by metal
.
2 113,117,118
complexes (e.g. Ru(NH3)gJ and Co(NHg)gX ,
or by organic
molecules (e.g. paraquat or N,N*-dimethyl-4,4f-bipyridinium2+ ion) and
117 121

nitroaromatics in acetonitrile.
’
Reductive quenching has also
2+
132
been reported: for example, Eu
in aqueous solution,
metal complexes
such as Fe(CN)g

4-

2+ 127
and RuCNH^Jg ,
anions such as sulfite and
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a s c o r b a t e , and organic amines, for example, N,N-dimethylamine or

triethylamine in acetonitrile,^3^
Some theoretical considerations about the factors determining
electron transfer rates will be discussed in the next paragraphs.
Bimolecular electron transfer reactions proceed in three steps.

In the

first step the separated reactants come together to form a precursor
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complex.

No bonds are made or broken in forming the precursor complex

in outer sphere reactions
.A + B
A /B

A /B
^

A+/B ~

Reorganization of the precursor complex to form the activated
complex occurs in the second step.

In this step the inner coordination

shells of the reactants and the polarization of the surrounding medium
adjust to the configuration appropriate to the activated complex.
reorganization is required by the Franck-Condon principle.

This

The actual

electron transfer may (k <1 ) , and usually does ( k =1 ) , take place during
the later stages of the reorganization of the' precursor complex (the
reaction is said to be nonadiabatic if k<1 and adiabatic if k is
approximately equal to 1).

The dissociation of the successor complex

(formed by electron transfer within the precursor complex) occurs in the
third step.

In terms of this mechanism the rate constant for electron

transfer is given by:
(5)

AG*

kT

)

exp (
h

(6)

RT

where Kq is the equilibrium constant for the formation of the precursor
complex from the separated reactants, kgt is the first order rate
constant for electron transfer within the precursor complex,

k

is the

probability of electron transfer within the activated complex and AG*
is the free energy required to reorganize the precursor complex prior to
the electron transfer.
The free energy of activation can be broken down into two
contributions: an intrinsic contribution and a thermodynamic
contribution.^^’^

The intrinsic contribution to the activation

barrier is the energy required to reorganize the inner and outer
coordination shells of the reactants prior to electron transfer when the
standard free energy change for the reaction is zero.

The intrinsic

barrier can be obtained from the rates of the electron transfer
reactions in which the reactants and products are either identical
(exchange reactions) or differ only slightly (for example, by only minor
modifications of the ligands).
When the reactants and products of the electron transfer reaction
are no longer identical it becomes necessary to consider the effect of
the thermodynamic changes in the reaction on the electron transfer rate.
This is most conveniently done in terms of the Marcus cross
relations.^®"12,1 These equations relate the kinetic parameters for a
reaction accompanied by a net chemical change (a cross reaction) to the
kinetic parameters for the component's exchange reactions:

The subscript 12 refers to the cross reaction and the subscripts 11
and 22 to the exchange reactions.

Z is a measure of collision frequency

(the diffusion controlled rate of collision between uncharged particles
in solution is 10^ M“^sec“^).
The effect of the thermodynamics on the reaction rate is perhaps
most readily visualized in terms of potential energy surfaces.

This

effect is shown in Figure 5 in which the potential energies of the
close-contact reactants (left-hand parabola) and close-contact products
(right-hand parabola) are plotted as a function of nuclear configuration
for various values of A G ^ 0* The distance from the minimum of the
reactant curve to the intersection region is a measure of the activation
energy of the reaction.
which A G ^ 0 = 0.
horizontally.

Figure 5 (A) is for an exchange reaction for

The curves are identical and are simply displaced

The case of a typical cross reaction with a net chemical

change is shown in Figure 5(B).

It will be seen that the activation

energy is lowered as a consequence of the net free energy change for the

POTENTIAL

ENERGY

B. -2(4G*t4G*)<4G^<0

NUCLEAR CONFIGURATION
Figure 5.

Profile of the potential energy surface of the reactants
(left-hand curve) and the products (right-hand curve) of an
electron transfer reaction vs. the nuclear configuration of
all the atoms in the system for different values of the
standard free energy change for the reaction.

1*4

WO
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reaction.

Figure 5(C) is for a diffusion controlled reaction, that

occurs when AG120 = -2( A G ^ * + AG22*). When A g 120 < -2( A G ^ * +
*
A Gpp ), the intersection of the two parabolas occurs on the left-hand
side of the reactant parabola (Figure 5 (D)).

This is the so-called

inverted region where the rate constants are predicted to decrease with
increasing driving force for the reaction.
The efficient conversion and storage of light energy requires that
the quenching reactions be rapid and the back reactions slow.

Some

strategies for suppressing the back reaction make use of microscopic
assemblies such as ionic micelles, mieroemulsions, or vesicles.
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An

especially important characteristic of these aggregates is the presence
of a charged lipid-water interface (electrical double-layer) that can be
exploited to control the kinetics of electron-transfer processes.
Retardation of the rate of

the backreaction by a factor of10 or

greater can be achieved insuitably

designed systems.

.Cy.elQme_t.allation and Photophvsical Properties of Cyclometallated
Compounds.

Although cyclometallated reactions (earlier known by the

more restrictive term of orthometallation) have been known for less than
twenty years, the literature has grown extensively on this
141-153
subject.
In general, this reaction occurs between a metal
substrate and an organic compound containing a donor atom from group VA
or VIA.

After initial formation of an adduct, which may or may not be

isolable, a C-H bond is ruptured and a metal ring containing a
metal-to-carbon o-bond isformed.

Nitrogen and phosphorus are the

predominant ("9056) donor atoms with oxygen, sulfur, arsenic, and
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antimony accounting for the remainder.

The hydrogen from C-H may in

some cases remain bound to the metal, but more commonly an elimination
reaction occurs in which H combines with H, Cl, CH^, etc., bound to the
metal to generate B^, HC1, CH^, etc., or is eliminated with the help of
a proton acceptor, such as an alkyl amine or sodium acetate (equation
12).

c

c
x

I

C

S '

*
(i$

C
/

M ♦ H+

By far the most prevalent cyclometallated ring contains five atoms;
however, examples with three-, four- and six-membered rings have been
presented in the literature.

Several investigations have been

reported concerning cycloruthenation reactions of azobenzene,^0-^
polyhalobenzene,^’^ 1* benzoCh]quinoline,^ and 2-phenylpyridine.^
These cycloruthenation reactions in most cases were carried out using
activated ruthenium species, such as {Ru C12(C0JgJg* or alkyl, hydrido,
or zero-valent ruthenium complexes.

Normally these reactions yielded

chloro-bridged dinuclear cycloruthenated complexes when chlorocontaining starting materials were used, and the mononuclear complexes
were prepared by the bridge-splitting reactions with thallium

page 22

acetylacetonate, Y-piooline, and triphenylphosphine.
A new line of research on cyclometallation reactions has arisen
recently with the discovery of metallation of 2,2'-bipyridine with
I

r

(

I

I

I

)

2 ,2'-bipyridine

complex contains one ligand in

which the pyridine ring is rotated and the metal ligand bond is that
between Ir(III) and the carbon in the 3'-position.

These findings,

carried out by Watts and co-workers, led them to synthesize
cyclometallated compounds of Ir(III) and Rh(III) with cyclometallated
ligands analogous to 2,2'-bipyridine, such as 2-phenylpyridine and
benzoth]quinoline, and to study their photophysical properties.211 So
far this is the only reference on the photophysical properties of this
type of compounds.

These authors synthesized dichloro-bridged dimers of

the type [M(L)2C1]2 , in which L is 2-phenylpyridine, or
benzo[h]quinoline, and M is Rh(III) or Ir(III).

All four of the dimers

emit light following photoexcitation of their glassy solutions at 77K.
Their emission spectra and lifetimes led them to assign their emitting
states as those populated by intraligand (7T

«-7T) transitions for the

Rh(III) dimers and those populated by MLCT (7T*
the Ir(III) dimers.

d) transitions for

Only the Ir(III) dimers emit light following

excitation at 295K in deaerated dichioromethane.
Aims and Scope of this Research: The goal of this research is to
prepare new cycloruthenated compounds with potential capabilities as
photosensitizers in the cleavage of water to produce hydrogen.

The

approach followed was to prepare compounds analogous to well
characterized nitrogen aromatic heterocycle ruthenium complexes, but
compounds containing cyclometallated species.

These cyclometallated
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compounds differ from the nitrogen aromatic heterocycles analogues in
that they possess a Ru-C bond in place of a Ru-N bond.

In this way I

would be able to study the effect of this replacement on the excited
state properties of the compounds.

In the literature a number of

workers have demonstrated the use of ligand substitution to modify the
energies of the excited states of transition metal complexes.

The use

of ligand substituents to alter the absorption and emission properties
in this manner has been termed "tuning", and such molecular engineering
has proved especially successful in modifying the photochemical
properties of various pyridyl, polypyridyl, and similar nitrogen
aromatic heterocyclic transition-metal complexes.

However, no

Information on the effects of cyclometallation of such properties was
found when I started this research.

To the best of my knowledge only

one paper recently submitted for publication has begun to deal with this
subject.
The study of conditions for preparing mixed ligand complexes of
n 1
ruthenium(II) of the type [Ru(bpy)nLg
“ where L is a cyclometallated
ligand of the type: 2-phenylpyridine, substituted phenylpyridine,
benzo[h]quinoline, azobenzene, and substituted azobenzene was
undertaken.
The characterization of these new compounds was not possible by
means of the conventional NMR techniques.

Instead, the most recent

two-dimensional NMR approach was necessary for the identification of the
new products.
The spectroscopic, photochemical and electrochemical
characteristics of these compounds were studied in order to ascertain

their potential as photosensitizers.

EXPERIMENTAL
A.

MATERIALS: In most experiments reagent grade chemicals were

used without further purification.

The source of some of the reagents

employed in this work or the preparation of them is summarized below.
Chromatographic columns were made with aluminum oxide, activated,
neutral ~150 mesh, 58 2 (Aldrich); thin layer chromatography (TLC)
slices (silica and alumina) were purchased from Baker.
1,

Solvents:

Ethylene glycol dimethyl ether (Aldrich) was predried with CaCl2 ,
filtered, refluxed over CaH2 for several hours and distilled just prior
to use.

All the above operations were conducted under a dry nitrogen

atmosphere.
The dichloromethane (MCB) used in the cyclic voltammetry
experiments was purified as above and stored away from bright light in a
brown bottle with Linde type 4A molecular sieves.
Ethanol USP absolute-200 proof (Aaper Alcohol and Chemical Co) and
methanol absolute 'Phototrex' "Baker Analyzed" Reagent were used for
spectroscopic studies.

Mixtures of ethanol-metbanol for low temperature

studies were prepared with newly purchased solvents and were stored in a
brown bottle with Linde type 4A molecular sieve under a dry nitrogen
atmosphere.
2.

Inorganic Reagents

ci3-RutheniumCII)bis(2 ,2-bipyridine)dichloride dihydrate and
ci3-Ruthenium(II)bis(2,2-bipyridine)bisacetone perchlorate In
acetone solution were synthesized by the procedure of Sullivan, Salmon
25

26

and Meyer.^

Cis-Ruthenium(II)bis(2,2-bipyridine)-dinethoxyethane

hexafluoro phosphate in solution was prepared by the procedure of
2
Connor, Meyer and Sullivan.
Blue Buthenium(II) solution was
a
prepared by the procedure of Anderson and SeddonJ that was modified by

using the pressure reaction apparatus made by Parr Instruments Co. for
hydrogenation instead of the Schlenk tube and different solvents.

The

solution was filtered inside a nitrogen bag into serum-capped stock
containers and were transferred with syringes.
Rutheniuni(II)-tris-C2,2-bipyridine)trichloride and ruthenium(III)
(2,2*)-bipyrldine trichloride were synthesized by the method of

Anderson and Seddon.

Ruthenium(II)(2f2-bipyridine)tetrapyridine
4
stock solution was prepared by the procedure of R.A. Krause.
Ruthenium(II)dichlorotetrakis(dimethyl sulphoxide) was prepared by

the procedure of G. Wilkinson.
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Dodecacarbonylruthenium was

synthesized by the procedure of A. Mantovanl.
RutheniumCIII)chloride trihydrate, silverCI)perchlorate and
silver(I)hexafluorophosphate were purchased from Aldrich Chemical Co.

3.

Organic Reagents

2-Phenylpyridine, was prepared by Ms. J. Schuerman of our group

via the method of Vogel’’: bp 130-132°C (8mm); NMR (CDCl^
8 7.20 (m, 5-PyH, 1H), 7.33-7.60 Cm, B'-S'-ArH, 3H), 7.60-7.83 (m, 3,
4-PyH, 2H), 7.92-8.25 Cm, 2', 6'-ArH, 2H), 8.70 (ddd, 6-PyH, J = 5, 1,
1Hz, 1H), UV (MeOH, C = 3.95 x 10"5M) \ mQV (« ) 288 <sh, 5400), 276
UlaX

(9100), and 245 (11,400).
2-(3'-Nitrophenyl)pyridine, was synthesized y^a the method of

Haworth, et al.6 and Bullock, et al.7 : mp 71-72°C, NMR (CDClg, 200 MHz)
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87.31 Cm, 5-PyH, 1H), 7.61 (t, 5'-ArH, J = 8Hz, 1H), 7.75 - 7.83 Cm,
3,4-PyH, 2H), 8.12 Cddd, 6'-ArH, J = 8, 2, 1.5 Hz, 1H), 8.33 Cm, 4'-ArH,
1H), 8.70 Cm, 6-PyH, 1H), 8.84 Ct, 2»-ArH, J = 2Hz, 1H), UV CMeOH, 3-95
x 10"5) X UiaX
mQV (e ) 270 C16,200), 240 C22.000).
Benzo(H)quinoline was purchased from Pfaltz and Bauer, Inc. and
used without further purfication.

UV CMeOH), \

max

Ce ) 345 C3220), 264

C24,700), 232 C40,400).
Azobenzene was purchased from Eastman Organic Chemicals and used
without further purification.

UV-VIS CMeOH),

X max
mav Ce ) 433 C729), 314

C18.200), 228 C13,400).
Dimethylaminoazobenzene (butter yellow) was purchased from
Fischer Scientific Co. and recrystallized prior to use from 95? ethanol
by adding hot water and cooling.

It was dried over K0H under vacuum at

50°C: mp 118-119°C.
2,2-blpyridine was purchased from Aldrich and used without
further purification.

UV CMeOH), i

Ce ) 281.5 C13,800), 234.5

CIO,700).
Triethylamine from J.T. Baker Chemical Co. C98%) was used.
.
Tetra-n-butylanwonium perchlorate used for cyclic voltammetry
experiments was purchased from Southwestern Analytical Chemicals and
purified by crystallization from ethanol and dried in vacuian at room
temperature.
B.

ANALYTICAL PROCEDURES, TECHNIQUES AND PHYSICAL MEASUREMENTS:

Carbon, hydrogen, and nitrogen analyses were carried out by Mic Anal
organic microanalysis (Tucson, Arizona).

Melting points (uncorrected)

were measured with a Thomas-Hoover capillary melting point apparatus.

A
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Dupont model 950 Thermogravimetric Analyzer was used in conjunction with
the DTA for thermogravimetic analyses (TGA). The sample compartment was
purged with nitrogen to protect the samples from moisture and oxygen
during the thermal analyses.

A Perkin-Elmer Model 621 infrared grating

spectrophotometer was used to record the IR spectra in the 4000-200 cnT*
region.

The instrument was calibrated with polystyrene.

Nujol was used

as the mulling agent and Csl plates were used for recording spectra
_T_

below 500 cm

. Solids were also run as KBr pellets.

A Cary Model 14

visible-ultraviolet spectrophotometer at ambient temperature was used to
measure the UV-visible spectra.
path, cells were used.

Coleman matched spectrosil, 10 mm light

The *H NMR spectra were obtained using a Bruker

WP-200 spectrometer operating at 300K or using a Varian Associates A-60A
spectrometer operating at 315K, depending on the amount of substance
available.

Spectra of the compounds were obtained in deuterated

chloroform-d, acetonitrile-d^, and dlmethylsulphoxide-dg, according to
their solubilities, and tetramethylsllane was used as the internal
standard.
The 400 MHz spectra of the complexes were obtained using a Bruker
WH-400 spectrometer at the Department of Chemistry of the University of
South Carolina by Dr. James H. Medley.

The 2-D COSY-45 and

homo-decoupled COSY (HDCOSY) spectra were acquired using 2048 x 512 data
matrices resulting in 1024 x 1024 transforms after zero-filling in FI
and using the absolute value spectra.
a 1024 Hz spectral window (SW).

Both spectra were acquired using

In the COSY-45 experiment a 45° mixing

pulse was used to simplify the spectrum by limiting the cross peaks to
directly connected transitions.

The preparation and mixing pulses as
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well as the receiver reference phase were cycled for negative type peak
selection.

Matched Gaussian window functions were used in both domains.
ft

In the HD COSY experiment

n

a 180

refocusing pulse between the

preparation and mixing is used pulses to produce a spectrum in which the
homo-nuclear coupling is collapsed in the FI domain.

There is a fixed

delay between the preparation and mixing pulses set to 1/2 the normal
aquisition time.

The refocussing pulse follows an incremented delay.

A

45° mixing pulse is necessary and the 180° refocussing pulse must be
carefully calibrated.

All three pulses and the receiver reference phase

are cycled so that only the coherence transfer echo is detected.
Gaussian window function was used in both domains.

A

All 400 MHz spectra

were obtained using DMSO-dg on a sample prepared by dissolving 20 mg of
the compound in 0.5 mL of 100 atom % DMSO-dg.
The emission spectra were recorded with a SLM 4800S
spectrophotofluorimeter and were corrected for photomultiplier response.
The low temperature (77K) spectra were obtained using an EtOH/MeOH (4:1)
glass.

The emission spectra at 298K were recorded using degassed

solvents (Ar bubbling for 20 min). Quantum yields were determined; Ru
Cbpy)g+ in EtOH/MeOH (4:1) glass was the standard.

The spectra were

corrected for variations in lamp intensity and photomultiplier response.
The spectra were integrated in wavenumbers.
Lifetimes at different temperatures for the excited state of
nitrophenylpyridine cyclometallated complex were measured by R. H.
Schmehl and collaborators of Tulane University.
Photolysis experiments were made using a modified Cary 14 that
allowed excitation at right angles to the absorption beam.

Samples (3
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ml) of the solvent were degassed and the sample was added from a
microsyringe (concentrated acetone solutions) just prior to the
experiment.

The excitation source was a 150 W Xe/Hg lamp and the 436 nm

band was isolated with an interference filter.
Electrochemical measurements were made in dichloromethane solutions
(0.1 M in tetrabutylammonium perchlorate supporting electrolyte), using
a three electrode system.

Platinum wire working electrode and platinum

counter electrode were used along with a pseudo reference electrode of
silver/dichloromethane solution 0.1 M in tetrabutylammonium perchlorate.
The potentials of the pseudoreference electrode vs the saturated sodium
chloride calomel electrode (SSCE) were measured at the end of each run.
The waveform generators and potentiostats for the cyclic voltammetry
experiments were a Pine Instrument Company, Model RDE for lower scan
rates and a Princeton Applied Research Model 174A Polarographic Analyzer
for fast scans.

Cyclic voltammograms were recorded using a

Hewlett-Packard Model 7044A X-Y recorder.
C. PREPASATIQN _QF..COMPLEXES:
1.

Cis-_(cyclometallated .ligandl_bls(2 .2-bipyrid ine) Ruthenium (II)

type complexes. cis-4 *-nitro-21-( 2-pyridyl)-phenyl-Nbis(2,2-bipyridine)ruthenium(II)tetrafluoroborate,T2: A freshly

prepared solution of cis-bis(2,2-bipyridine)(dimethoxyethane)ruthenium
(II) tetrafluoroborate in dimethoxyethane (10 mL, 5.0 x 10

M) was

reacted with a dimethoxyethane solution of the ligand (40 mL, 200 mg,
1.0 mmol, 100J excess) under argon.

The solution was stirred and

refluxed under argon for 30 minutes and then an excess of triethylamine
was added (to promote removal of the aromatic proton on the
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cyclometallating carbon).

The mixture was refluxed for 24 hours, the

solvent was distilled, and the product was chromatographed on an alumina
column.

The unreacted free ligand was eluted first with

acetonitrile/toluene (1:1) and then the desired product was collected.
The dark red product was recrystallized from dichloromethane/ether, the
fine crystals washed with ether and dried in vacuo.

Yield: 40.5 mg

(10?). Anal^ Calcd for [RuC^H^NgO^ BF^ * 1/2 CHgClg ■ 1/2 H20: C,
46.77?; H, 3.11?; N, 8.65?.

Found: C, 48.48?; H, 2.95?; N, 10.44?

Cis(4,-nitro-2,-(2-pyridyl)-phenyl-N-bls(2,2-bipyridine)
ruthenium (II) perchlorate,U2: A freshly prepared solution of

cis-bis(2,2-bipyridine)bis(acetone)ruthenium(II) perchlorate in a
mixture of dry dioxane/tetrahydrofuran (50 mL, 10

M) was reacted with

the ligand (132 mg, 66 mmol, 32? excess) under dry nitrogen.

After

stirring and refluxing for 3 hours, triethylamine was added.

The

reaction mixture was refluxed for about 36 hours, the solvent was
rota-evaporated, and the product was chromatographed on an alumina
column.

The column was eluted with acetonitrile/toluene (1:1) and first

the unreacted ligand came off.
band contains the product.

The first intense dark reddish color

The dark solid was recrystallized from

acetone-ether and the fine crystals washed with ether and dried in
vacuo.

Yield:

13 mg ("4?).

The nature of the product was confirmed by

NMR.
Cis-2,-(2-pyridyl)-phenyl-H-bis(2,2-bipyridine) ruthenium

(II) hexafluorophosphate, PR10, was prepared from cis,
bis(2,2-ipyridine)(dimethoxyethane)ruthenium(II) hexaf1uorophosphate in
dimethoxyethane (20 mL, 5.0 x 10“^ M) and 2-phenylpyridine (308 mg, 1.98
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mmol) by means of the above general procedure.

Yield:

64.9 mg (8.5%).

Anal.. Calcd for [RuC31 H^Ng] PF6 # 1/2 CH2C12 ■ 1/2 H£0: C, 49.52%; H f
3.43%, N, 9.17%.

Found:

C, 51.66%; H, 3.36%; N, 9.57%.

Cis-(benzo[h]quinolln-10-yl-'N) bis-(2,2-bipyridine)
ruthenium (II) hexafluorophosphate; PR8, was prepared from cis,bis

(2,2-bipyridine)(dimethoxyethane)ruthenium(II) hexafluorophosphate (20
—2
mL, 5.0 x 10 M) and benzo[h]quinoline (356 mg, 1.98 mmol) using the
above general procedure.

Yield: 65.4 mg (8.3%).

Anal. Calcd for

[Ru C33H24N5] PFg • 1/2 CH2C12 * 1/2 H20: C, 51.06%; H, 3-32%; N, 8.89%.
Found: C, 51.42%; H, 3.21%; N, 8.83%.
Cis-2(phenylazo)-phenyl-N-bis(2,2-bipyridine) ruthenium (II)
hexafluorophosphate, PR9, was prepared from cis,bis(2,2-bipyridine)

(dimethoxyethane)ruthenium(II) hexafluorophosphate in dimethoxyethane
—2
(20 mL, 5.0 x 10 M) and azobenzene (362 mg, 1.98 mmol) using the above
general procedure.

Yield:

56.2mg (7.1%).

IR (KBr) 1629 (vs), 1539

(w), 1509 (w, sh), 1487 (w, sh), 1449 (s), 1319 (w), 1299 (w), 1269 (w),
1159 (w), 1079 (m), 1039 (m), 859 (vs), 774 (vs), 744 (w),709 (w),
(s), 564 (vs), 309 (w), 279 (w), 249 (w).
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Anal. Calcd for

[Ru C32H25N6JPF6 * 1/2 CH2C12 • 1/2 HgO: C, 49.34%; H,

3.44%;N,10.62%.

Found: C, 50.83%; H, 3.48%; N, 10.96%.
Cis-paradimethylamino-2(phenylazo)-phenyl-N-bis(2,2bipyridine) ruthenium (II) hexafluorophosphate, R2, was prepared

from cis,bis(2,2-bipyridine)(dimethoxyethane)ruthenium(II)
hexafluorophosphate in dimethoxyethane (20 mL, 5.0 x 10

M) and

p-dimethyl-amino azobenzene (447 mg, 1.98 mmol) using the above general
procedure.

Yield: 58.4 mg (7.0%).

IR (KBr) 1631 (s), 1591 (vs), 1561

33

(vs), 1531 (w), 1481 (s), 1466 (s), 1446 (vs), 1361 (w), 1331 (s), 1296
(vs), 1207 (w), 1166 (s), 1131 (s), 1071 (w), 1051 (w), 1031 (s), 961
(s), 841 (vs), 811 (w), 771 (s), 741 (w), 711 Cw), 667 (w), 611 (w), 566
(s), 531 (w), 311 (w), 271 (w), 241 (w).

Anal. Calcd for

[RuC3ilH30N?]PF6 * 1/2 CH2C12 * 1/2' i y : C, 49.68%; H, 3.87%; N, 11.75%.
Found: C, 51.29%, H, 3-98%; W, 11.88%.
2. Attempted Reactions: Several methods and different starting
materials were tried in order to produce other new cyclometallated
products.

Even though the main concern in this work was to prepare

analogous compounds to the RuLn(2,2-bipyridine)3_n^2“n^+ (n=0,1,2) where
L is a cyclometallated ligand, several reactions were attempted with
some novel ligands from the standpoint of the vast new ruthenium
products of this type reported in the literature.
attempted are summarized in Tables I-III.

The reactions

In all of these attempts no

identifiable products, pure or otherwise, were obtained except for the
unreacted free ligand, or in the few cases where it is indicated in the
Table.

The technique used to follow the reaction was TLC, and column

chromatography was used to separate the mixtures..

The different

fractions obtained were subjected to NMR study in order to attempt to
characterize of the products.

Table I
Attempted Reactions with Cyclometallating Ligands

Q
Ligand

(ranol)

Ru compound

(nm ol)

(.1 0 1 )

Ru C13 ’ 3H20

( .1 5 0 )

A

(.1 0 1 )

B lu e R u (II)m e th a n o l
s o lu tio n

(.1 0 1 )

B

(.1 0 1 )

B lu e R u (II)D H F
s o lu tio n

(.1 0 1 )

C

(.101)

Ru^CO)

(.101)

D

(.6 0 )

RuCl^DHSO)^

(.6 )

(.5 6 )

[R u (b Py )p y 4 ) 2+

( . 56 )

C o n d itio n s ^

Hpqp
Hpop

C 0 /CH3

12

F
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T ab le I

(c o n tin u e d )

Ligand

(n m o l)

Ru compound

(3 .0 )

B lu e R u ( I I ) DHF
s o lu tio n

(1 .0 1 )

I

(2 .5 5 )

[R u (b p y )Pyi)] 2+

(1 .2 8 )

F

(2 .7 )

RubpyCl3 *H20

(1 .2 )

K

(.6 5 )

[R u (a e e to n e )2bpy2 ] 2+ ( ,JI3)

J

(2 .3 )

[R u (b p y)p ylt] 2+

(1 .0 )

F

i(2 .3 )

[R u (b p y )p yiJ] 2+

(1 .0 )

(m nol)

(b)

■N

C o n d itio n s

Table I (continued).
Ligand

0 / ^ \

( ( ) >

»

(n m o l)

Ru compound

( 6 *3 )

Ru C13 *3H20

(.1 9 1 )

(6 .3 )

B lu e R u (II)m e th a n o l
s o lu tio n

(.1 9 1 )

H

(6 .3 )

B lu e R u d D m e th a n o l
s o lu tio n

(.1 9 1 )

H

(8 .2 5 )

R u (b ip y )C l3

(2 .7 5 )

I

(3 .8 4 )

R u (b ip y )2 C l2

(1 .9 2 )

I

-N

(n m o l)

C o n d itio n s

table I (continued).
( a ) T h is lig a n d was p rep ared w ith th e h e lp o f D r . W .E. P u c k e tt according
to p u b lis h e d pro ced u res.®
(b ) T h is lig a n d was prepared by D r . H .A . G u t i e r r e z . 10
( e ) In a l l th e re a c tio n s th e re a c ta n ts were s t i r r e d and r e flu x e d in th e
in d ic a te d s o lv e n t f o r a p e rio d o f tim e ( t ^ ) , and then th e base
added and s t i r r e d and r e flu x e d f o r s e v e ra l hours ( t g ) .
o p e ra tio n was perform ed in an I n e r t atm osphere.

T h is

The c o n d itio n s

re p o rte d h e re a re in th e o rd e r: s o lv e n t, t ^ , b a s e , t g , atm osphere.
A -

CHjCN, l h , KgCO^ (a n h y d ro u s ), 2M h r , d ry Ng.

B -

C^fipOH, l h ,

(a n h y d ro u s ), 2 4 h , d ry Ng.

C - DHF, 12 h , NEt3 , 24 h , d ry N£ .
D - THF, no base added, 2 4 h , d ry Ng .
E - CHCl^, l h , KgCOj (a n h y d ro u s ), 1 2 h , d ry Ng.
F - HgO/EtOH ( 2 : 1 ) , no base added, 3 6 h , d ry Ng,
G - HOAc, no base added, 2ifh , d ry Ng,
H -

C^HyOH, ,5 h , NEt3 , 3fih , d ry Ng.

I - DHF, l h , NEt3 , 36 h , d ry Ng.
J - CH3 CN, .5 H , N E t j, 2 % , d ry Ng.

N ice c r y s t a ls o f th e p ro d u ct

[R u(bpy)gC l(C H 3 CN)]^+ were o b ta in e d and i t s s tr u c tu r e was determ ined
by X -ra y c r y s ta llo g r a p h y .
K -

CHgOCgHjjOH, l h , NEt3 , 4 8 h , d ry A r.

Table II
Attempted Reactions with Sulfur Containing Ligands
(nm ol)

Conditions*'

Ligand

(n m o l)

Ru compound

) = - < © H O Me
Me

(3.19)
(3.3

RuC13*2H20

(1.03)

A

( 3 .1 9 )

Blue R u d D m e th a n o l
s o lu tio n

( 1 .0 3 )

B

( 5 .7 ^ )

R u C l^ t^ O

(1 .9 1 )

(<).0 )

[R u (b p y )p yi(] 2 + J

(1 .9 2 )

AHr CHj
©

c—

I

tHrCH)

D

Table II (continued)
(nm ol)

Ru Compound

(3 .3 )

B lu e F u (II)m e th a n o l - ( 1 . 0 )
s o lu tio n

»

(7 .9 )

RubpyCl3 *H20

».

(1 .0 )

[R u (b p y )2DME]2+

(1 .2 6 )

RubpyCl3 ‘ H20

(.4 3 )

(1 .0 )

[R u (b p y )2DHE]2+

(.5 0 )

Ligand

© O

»

(nm ol)

C onditions^

B

(2.6)

E

(.5 0 )

F

G

Table II (continued)

( a ) I n most o f th e re a c tio n s ta b u la te d above th e r e a c ta n t were re flu x e d
and s t i r r e d in d i f f e r e n t s o lv e n ts under an I n e r t atmosphere f o r
s e v e ra l hours ( t ) .

The c o n d itio n s a re re p o rte d :

s o lv e n t, t ,

atm osphere.

A - CHgCN, 12 h , d ry Ng.
B - C^HyOH, 2H h , d ry Ng,
C - H2 0 , 36 h , a i r .
D - HgO/EtOH ( 2 : 1 ) , 7 2 h , d ry Ng.
E - HgO/EtOH ( if: 1 ) , 7 2 h , d ry Ng, d a rk p u rp le p ro du ct o b ta in ed a t low y ie ld
n o t c h a r a c te r iz e d .
F - DHE, 2 4 h , d ry A r .
G - CHjOCgHjjOH, 3 6 h , d ry Ng.

Table III
Other Attempted Reactions
Ligand

(mmol)

CO§>

Ru ( I I ) ( R
( 5 . 76 )

j

j

o

(1 .9 3 )

reduced w ith

Ru ( I I ) ( R

:

C onditions^

s a l t 11 i n DMF)

,76 )

^

uC13

(n m o l)

pho sp h in ic a c id

N

w

Ru compound

<s-

u C13

(1 .9 3 )

reduced w ith
pho sp h in ic a c id
s a l t 11 in DHF)

(.6 5 )

[Ru(bpy>2 (a c e to n e )2 ] 2+ (,J )3 )
s o lu tio n

(2 .5 2 )

( a ) L is te d as in T a b le I I :

Ru C13

(.8 4 )

s o lv e n t, t , atm osphere.

A - DHF, 3 6 h , d ry Ng (deep p u rp le compound o b ta in e d a t v e ry low y i e l d )
B -

( C H ^ C O , 36 h , d ry Ng.

C - EtOH, 1 2 h , N2 .

A

TWO-DIMENSIONAL FOURIER TRANSFORM NUCLEAR
MAGNETIC RESONANCE
Recent advances in nuclear magnetic resonance (NMR) spectroscopy
and, in particular, the development of two-dimensional Fourier transform
NMR (2D-FTNMR) suggest a marked increase in its use.

With the advent of

high speed FT processors in commercial FT NMR spectrometers, a number of
2D-FTNMR techniques are rapidly becoming virtually routine.
Conventional NMR spectra for simple molecules are easy to interpret.

As

the molecule becomes more complex, individual peaks begin to overlap and
interpretation becomes more difficult.

For example in the series

Ru(bpy)g2+, Ru(bpy)2Cl2, [Ru(bpy)2l3+ (where bpy = 2,2'-bipyridine and
1 = cyclometallating ligand 2-(4'-nitrophenylpyridine)) the complexity
of the spectra increases considerably as the symmetry of the complex
decreases.

(See Figure 6.)

The interpretation of the spectra of the

first two compounds is possible by using decoupling techniques but the
method is very ambiguous for the assignment of bands in the spectrum of
the third compound.
The very first two-dimensional Fourier transform NMR technique was
i
t
developed in the early 1970's by Jean Jeener of Universite Libre in
14
15
Belgium
and it was theoretically analyzed in detail by Aue et al.
In 2D-NMR, the second dimension can be achieved by several methods, the
most popular being the 2-D J-resolved spectroscopy^ and the correlation
of proton and carbon-13 chemical shifts.
experiment

14

spin system.

17

In the original Jeener

o
a simple sequence of two 90 pulses was applied to a proton
This experiment cannot be described by means of using a
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jj, j.iyn

,i4ut

7.4

7.8

8.2

8.6

H4,H5

10

I

9.0

figure 6.

8

9

I

I

J

L

J
.

7

J ii ii1 iii
_i— I
_i i i l i

8.0

7.0

The 200 MHz spectra at 300K of a) Ru(bpy) 2+ In acetonltrile
d,, b) Ru CbpyJ-Clp in acetonitrile d-, and c) CRu(bpy)- 1]*
in dimethyl sulfoxide dfi.
3
2

simple physical picture of precessing magnetization vectors, but instead
one must use a density matrix treatment,
a system of several coupled spins.

15

which becomes complicated for

However this experiment can be very

useful for studying the pattern of proton-proton couplings for molecules
of intermediate complexity.

18

Several methods of simplifying the

resulting two-dimensional spectrum in order to more readily assign the
10
spin couplings have been presented
and will be discussed further.
In the conventional FT NMR experiment, a single short power
radiofrequency (RF) excitation pulse induces a time-dependent RF signal
in the sample due to the precessional frequencies of the observed
nuclei.

The signal, i.e. the Free Induction Decay (FID), after Fourier

transformation, yields the familiar intensity versus frequency spectrum.
In the 2D-FTNMR experiment, the 2D spectrum is obtained by Fourier
transforming a signal sCt^tg) which depends on two independent time
variables t^, t2. The experiment time can be divided into three periods
as shown in Figure 7a, separated by radiofrequency pulses, where t^ is
the duration of the evolution period and t2 the running time in the
third period.

The spectrometer receiver is activated only during the

detection period, and the signal s(t.j,t2) is then measured as a function
of t2 with t.j as a parameter.

The time t^ is incremented in small steps

over a time range of the order of the spin-spin relaxation time.
Between each pulse sequence a preparatory period is allowed for
spin-lattlce relaxation.

The preparatory period ends with a

nonselective RF pulse at time t = 0 called the preparatory pulse.

A 90°

pulse is usually employed to generate transverse magnetization which
evolves during the evolution period.

This period ends with a second RF

45

(a)
Detection

E v o l u t i on
Preparation

ti

------

U

----

RF

RF

preparatory
pul se

m ixing
pulse

(b)

45 '

90 °

(c)

A c q ttJ

Figure 7.

Pulse sequences in 2D FTNMR spectroscopy a) general pulse
sequence, b) COSY 45 experiment, and c) 2D-HDC0SY
experiment.
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pulse at time t = t^, called the mixing pulse, which transfers
magnetization amongst the various transitions of the coupled spin system
' -and enables their measurement during the detection period.

The basic

pulse sequence used in the Jeener experiment, which has come to be known
as the COSY experiment (from .Correlated Spectroscopy), is (Tw - 90° - t^
- 90° - t2 *-)n where Tw is the preparatory period.
The two-dimensional spectrum S(F^,F2) generated from sCt^tg) after
2D-FT contains three distinct categories of signal : i) those arising
from nuclear magnetization which was aligned in the z direction at the
time t.j when the mixing pulse was applied (axial peaks); ii) those
arising from magnetization which either maintain the same resonance
frequency during t^ and t2 or those that have been transferred to
another resonance but are part of the same spin multiplet, these peaks
appear on or near the principal diagonal

= F2; and iii) those arising

from magnetization that was precessing in the transverse plane at the at
the time t^ when the mixing pulse was applied and which transferred the
magnetization to a second nuclear spin and changed its precession
frequency by an amount comparable to the difference in the chemical
shifts between the two coupled sites (cross peak).

The two-dimensional

spectrum is often presented as projections of signal intensity onto the
plane defined by the axis F^ and F2. The F2 frequency domain (from t2
time domain) is usually presented as the horizontal axis and the F^
domain (from t^ time domain) as the vertical axis.
The axial peaks give rise to a series of lines along the F2 axis
which are essentially identical with the conventional proton spectrum
and they do not give new information about the spin-spin coupling.

These signals are normally supressed In the 2-D spectrum by alternating
18
the phase of the mixing pulse.
There is no useful information as far
as coupling between different nuclei is concerned from the peaks that
appear near or on the principal diagonal (F^ = F2).
The cross-peaks lie in the plane at equal distances from the
principal diagonal at coordinates determined by the chemical shifts of
the coupled nuclei and therefore are the signals which give information
about the coupled resonances.

Time domains weighting functions which

favor cross-peaks at the expense of diagonal peaks have been extensively
18
15
used.
On the other hand it has been shown theoretically
that a
small flip angle in the mixing pulse favors transfer of magnetization to
coupled nuclei which share a common energy level, and thus emphasizing
cross peaks.
There are several pulse sequences and shaping functions designed to
obtain a more useful and easy to interpret 2D spectrum.
these are presented here:

Two examples of

the COSY 45 experiment, which is a simple

variation of the COSY experiment, involves a 45° mixing pulse (the pulse
sequence employed in this experiment is shown in Figure 7b), and the
19
HDCOSY experiment
or homo-nuclear decoupled COSY experiment which
differs from the COSY experiment in the FI dimension, which as been
completely decoupled and leaves the multiplicity only in the F2 domain.
This latter experiment is accomplished by using a refocussing pulse to
eliminate J-modulation of the signal in the FI domain.

The pulse

sequence used to obtain the 2D-HDC0SY spectrum is shown in Figure 7c.
In this case the t^ is fixed and t^ and t2 are varied.

The figure also

indicates a "pseudoecho" shaping function in the t2 dimension.

A

49

refocusing pulse of 180° and a mixing pulse of 45° are used.

The small

flip angle used in the mixing pulse ensures the limitation of the
response to directly connected transitions.
before data adquisition.

The time A

is a dead time

The introduction of a relatively long delay A

before adquisition enhances the relative intensity of cross-peaks
arising from long range coupling.
In the COSY 45 experiment, since both domains are symmetrical, the
multiplets are spread out in both dimensions.

The three dimensional

spectrum with the signal intensity as a function of two frequency
domains for the compound [RuCbpyJgl]* in DMS0-d6 is shown in Figure 9.
The projection of the signal intensity in the plane formed by FI and F2
(which is the usual way the 2D-NMR spectrum is presented) is shown in
Figure 10.

The projection of the signal intensity either in FI or F2

produces a normal 1D-NMR spectrum (Figure 10a and 10b).

If the 2D-NMR

spectrum is examined (Figure 10) the assignment of the signals to the
different protons in the molecule is easy for single signals, by means
of the line drawn perpendicularly onto the other axis from the vertical
line drawn from the signal through the density dots map (cross peaks and
diagonal peaks).

The projection through the diagonal peaks obviously

connects the signal with itself; however, the projection through the
cross peaks connects the signal with those signals that are coupled to
it (e.g. see the most upfield signal in the spectra of Figure 10).
However, overlapping signals can be very ambiguous and difficult to
assign, e.g. the multiplet near 7.6 ppm shown in Figure 10.
In the homo-nuclear decoupled COSY experiment (HDCOSY) the
projection of the signal intensity in FI gives a broadband decoupled
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Figure 9. The three dimensional spectrum for the COSY 45 experiment (for
[Ru(bpy)2 1]*.
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Figure 10. Contour plot of the COSY M5 spectrum of [Ru(bpy)g 1]+.
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Figure 11. Contour plot of the HDCOSY spectrum of [Ru(bpy)2 |]+ .
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spectra.

The HDCOSY spectrum for [Ru(bpy)21]+ in the aromatic region

is shown in Figure 11.

Figure 11b shows the projection of the signal

intensity in FI where a complete decoupled spectrum is obtained in which
some signals that are too close to separate with the magnetic field are
still overlapped.
The HDCOSY spectrum (Figure 11) contains essentially the same
information as the more common COSY 45 experiment, but the
interpretation is greatly simplified because the plot of a horizontal
slice perpendicular to the FI projection (as shown between dotted lines
in Figure 11) yields a complete subspectrum containing not only the
chemical shifts of shared transitions but also the complete coupling
pattern of all protons which share transitions with the on-diagonal
resonance (see Figure 12B).

The interpretation of the subspectrum is

similar to the interpretation of a simple small molecular weight
compound.
In general, the first step in the interpretation of an HDCOSY
spectrum is to plot the FI projection and identify the chemical shifts
of each unique proton.

The next step is then to plot the horizontal

rows perpendicular to the selected peaks.

These rows are the individual

subspectra and contain all resonances which are directly scalar coupled
to the unique proton and which show the correct coupling patterns.

The

multiplet at the unique chemical shift (the non-diagonal” resonance) is
the only proton which must be coupled to all other protons in the
subspectrum.

Assignment can often be made by matching the coupling

constants in each off-diagonal resonance with the coupling constant(s)
in the on-diagonal resonance.
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The NMR characterization of the compounds prepared in this work was
done by means of the HDCOSY experiment.

The following paragraphs

describe the assignment of the chemical shift for the different
compounds.

For the first compound a more detailed analysis is done in

order to establish the general procedure and show the considerations
taken into account.
(a) [Ru(bpy)21]+ : (Figure 8a)

To simplify the interpretation of

the spectrum of this compound, Table IV was prepared to reduce the
complex total spectrum to groups of subspectra which have transitions in
cotrmon.
columns.

In Table IV, the unique chemical shifts are listed in rows and
For each subspectrum in a horizontal row, the intensity of the

multiplets at the off-diagonal resonances are idicated by W, M or S
(Weak, Medium or Strong).

It is important to emphasize that the

strength of the coupling is determined by the size of the coupling
constant and not by the intensity of the peak.

In fact, it must be

noted that for values of the delay time t^ equal to 2n 777,1^, the
intensity of the cross peak is zero.

20

Careful study of Table IV

allowed the data In it to be factored into six Independent subgroups
corresponding to the individual aromatic rings in the compound.

Figure

12 shews the individual subspectra for each ring arranged in groups.
For example, the horizontal projection corresponding to the peak at
8= 8.79 ppm yields the subspectrum plotted at the top of Figure 12A.
The subspectrum contains the on-diagonal peak at
X) as well as peaks at

8 = 8.79 (indicated by

8 = 8.13, 7.75, and 7.58 ppm.

The subspectra

corresponding to these chemical shifts are also plotted in Figure 12A.

6.670 7.170 7.360 7.400 7.580 7.560

7.593 7.610 7.640 7.750 7.790 7.840 7.960 7.664 7.980 8.130 B.4S0 6.650 8.660 8.670 8.710 8.790
V9

6.670
7.170

I

I

y

3

7.360

I

7.400

I

7.580

U

H

7.560

3

I

7.560

3

n

7.610

VI

y

VI

VI
3
3

3

3

w

7.960

I

8.130

I

8.480

I

VI

3

3

I
3

y
S

8.670
8.710
8.790

Table IV.

8
y

y

VI
■
■

•

I
I

I

U

I
I

3

N
3

y

I

3

M

vs

w

y

w

I

y

3

N

H

y
y

y

VI

M

8.660

V

V

U

M

3

3

3
H

7.964

3

y

I

7.960

I

M

3
VI

3

y

H

7.640

8.660

3

U

If

7.750

I

3
y

U

7.640

7.790

y

I
3

y

3

I

K

Scalar Couplings from HDCOSY data matrix.
M = Medium, S = Strong.

y

Peak Intensities are W = Weak,
ui
0\

57

An examination of each of these subspectra shows that they contain a
peak at 8.79 ppm confirming that each is in turn coupled to the peak at
8.79 ppm.

Further it can be noted that each spectrum contains a peak at

8.13, 7.75, and 7.58 ppm confirming that all four peaks are mutually
coupled.

Additional peaks appear in some of the

subspectra, in

particular peaks at 8.67 ppm and .6.67 ppm in the subspectrum
corresponding to

8= 8.13 ppm (Figure 12A).

An

examination ofthe

subspectra corresponding to these chemical shifts ( 8 = 8.67

ppmin

Figure 12D and 6.67 in Figure 12P) reveals these subspectra do not
I
contain peaks at 8= 8.13 ppm; therefore the peaks at 8.13 ppm in the
subspectrum are artifacts.
Application of these procedures reduces Table IV to Table V which
clearly shows the division of the entire spectrum into 6 mutually
exclusive subspectra.

Artifacts show up as entries which are not

reflected about the diagonal of the table.
The assignment of protons to bands in each subgroup in Figure 12 is
relatively easy.

The sharp doublet at 6.67 ppm (Figure 12P) was

assigned to a proton on the substituted benzene since we expect broader
signals from protons belonging to pyridyl groups due to coupling to the
other three pyridyl protons and the quadrupole effect of the nitrogen.
By examination of the coupling constants it is seen that the proton at
6.67 ppm Is coupled strongly to the multiplet at 7.59 ppm and weakly to
the doublet at 8.66 ppm.

Therefore it is assigned to the 6P position

and the peak at 7.59 is assigned to the 5P position and that at 8.66 to
the 3P position.
assignment.

The remaining subspectra in the subgroup confirm this
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Table V. Scalar Couplings from HDCOSY data matrix, rearranged from Table IV into 6
mutually exclusive subgroups.
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Assigning the bands corresponding to the pyridyl group is only
slightly more complicated.

For example, subgroup A can be readily

assigned, but the reader should not be misled by the relative
intensities of the peaks in the subspectra.

The doublet at 8.79 can be

assigned to the proton in position 3A, since a downfield shift for
position 3 protons is expected due to the ring current of the ring in
the same plane.

On the other hand, the doublet at 7.75 can be assigned

to the proton in the 6A position.

The coupling constants between

protons 3A and 4A and protons 5A and 6A are too close to allow
identification of the protons.

However, independent decoupling

experiments show that the upfield triplet corresponds to position 5A and
the triplet downfield to position 4A.

Observation of the second

spectrum from the top of each subgroup (Figure 12) shows that the proton
3 which is certainly coupled to proton 4 disappears (or nearly so).

The

disappearance of these cross-peaks is inherent to the nature of the
experiment, which is difficult to avoid and some variations to this
experiment have been proposed.20
Assignment for each other pyridyl group can be made by analogy.
Subgroup C appears to lack an element, but simple inspection shows that
the missing resonance occurs at 7.40 ppm.

There is an overlap between

the 5C and 5D protons which would not otherwise be apparent.
The assignment of all 6 aromatic rings is completely unambiguous;
however, the absence of apparent coupling between rings makes the
assignment to specific rings more difficult.

In making the chemical

shift assignments, according to the numbering system pictured in Figure
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8a, an upfleld shift for the protons in position 6, is expected.

This

shielding effect is due to the ring current of the pyridyl or phenyl
group in the plane perpendicular to the plane of the ring where the
number 6 proton lies (see Figure 8a).

Furthermore, since the Ru-C bond

length is expected to be slightly shorter than the Ru-N distance (as is
the case in the entirely analogous octahedral d^ Rh(III) complex of
E-cV-bromophenylpyridine) the X-ray crystal structure of which has been
21
determined ), a greater upfield chemical shift is expected for proton 6
on the phenyl group.

Later information on the X-ray crystal structure

of this compound corroborates these expectations.
From geometrical consideration it can be seen (Figure 8a) that if
the Ru-C distance is shorter than the Ru-N distances, then the proton 6B
is closer to the neighboring ring current than are all the other protons
6, except 6P.
With the likely shortened Ru-C bond, it is expected that there will
be slightly lengthened Ru-N bond distances in both the nitrogen trans to
the carbon (trans effect) and the one cis to the carbon which is a part
of the same chelate ring as the carbon.

Furthermore, it is very

reasonable to assume that the lengthening of the brans Ru-N bond is
greater than that of the cis Ru-N bond.

It is important to emphasize at

this point that all these assumptions are made in order to facilitate
the assignment of individual pyridyl group protons according to the
numbering in Figure 8a, but as far as characterization is concerned, the
existence of these five pyridyl groups and one phenyl group is already
established, and their chemical shifts in the order of their proximity
of the proton in position 6 to the plane perpendicular to the plane of
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Table VI.

1H NMR Chemical Shifts for [Ru(bpy)„1]+

Proton

Chemical Shift

Proton

Chemical Shift

3A

8.79

3D

8.67

4A

8.13

4D

7.98

5A

7.58

5D

7.40

6A

7.75

6D

7.64

3B

8.48

3E

8.71

4B

7.84

4E

7.96

5B

7.17

5E

7.36

6B

7.59

6E

7.79

3C

8.65

3P

8.66

4C

7.96

5C

7.40

5P

7.59

6C

7.61

6P

6.67
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the ring where the number 6 proton lies (Figure 8a) can be reported
instead.

From the chemical shift data some structural information is

also obtained, since due to the marked upfield shifting of proton 6P it
is concluded that the Ru-C distance should be considerably shorter than
the Ru-N distances and that the two pyridyl groups are relatively more
distant from the ruthenium atom than the other three due to their marked
downfield shifting with respect to the other number 6 protons.
Following the above assumptions for the geometry of the substance
pictured in Figure 8a, the proximity order of the protons in position 6
to the ring perpendicular to the plane of the ring where this proton
lies is 6P, 6B, 6C, 6D, 6A, 6E.

The assignments achieved by means of

this criterion and the subspectra in Figure 12 are finally tabulated in
Table VI.
A later determination of the X-ray structure of this compound
showed that the chemical shift assignments for the pyridyl groups C and
D should be interchanged since the order in proximity to the
perpendicular ring of protons in position 6 follows the order 6P, 6B,
6D, 6C, 6A, 6E.

This ordering was found by calculating the hypotenuse

of the right-angled triangle (or nearly so) formed by the atoms N-Ru-C
or N-Ru-N where one N or C belongs to the ring containing the proton in
position 6 it is vering analyzed and the C or N belongs to the ring
contained in the plane perpendicular to the plane containing the above
mentioned proton.
(b)

[Ru(bpy)22J+ in which 2 is 2-phenylpyridine: The 2D-HDC0SY

spectrum for this compound is presented in Figure 13.

The assignments

have been made by means of the numbering system in Figure 8b.

From the
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Figure 13. Contour plot of the HDCOSY spectrum of [Ru(bpy)2 2]+.
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Table VII.

1H NMR Chemical Shifts for [Ru(bpy)22]+

Proton

Chemical Shift

Proton

Chemical Shift

3A

8.76

3D

8.59

4A

8.07

4D

7.89

5A

7.54

5D

7.36

6A

7.83

6D

7.66

3B

8.13

3E

8.65

4B

7.74

4E

7.90

5B

7.03

5E

7.35

6B

7.50

6E

7.95

3C

8.57

3P

7.88

4C

7.87

4P

6.85

5C

7.36

5P

6.78

6C

7.71

6P

6.32
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2D-HDC0SY spectrum we obtain six independent subgroups of four coupled
protons.

The assignment of protons in positions 3 and 6 is

straightforward.

The assignments of protons in positions 4 and 5

requires independent decoupling experiments which confirm, as before,
the upfield shifting of position 5 with respect to 4.

The assignments

of each subgroup to the different rings have been done assuming the same
metal-llgand distances as the ones found for [Ru(bpy)213+ by means of
X-ray crystallography.

The resulting chemical shifts are tabulated in

Table VII.
There is a marked upfield shifting of the aryl protons of this
compound with respect to those of the nitro analog ([Ru(bpy)21]+). The
greater downfield shifting of the bands of the nitro derivative is
expected on the basis of the electron withdrawing nature of the nitro
group, which decreases the electron density at the carbon atoms in the
aryl ring, thus deshields and increases the chemical shift of the
protons attached to them.

The FI projection indicates some artifacts

which are indicated with an • sign; these artifacts are easy to identify
because they are not coupled to other protons in the 2D-projection.
(c)

[Ru(bpy)233+ in which 3 is benzo-h-quinoline: The

2D-HDC0SY spectrmn for this compound is presented in Figure 14.

The

chemical shifts for the 24 protons are tabulated in Table VIII.

The

assignments have been made by means of the numbering system in Figure
8c, and assuming a similar geometry to that found for [Ru(bpy)21]+.
However sane characteristic features of this compound are reflected in
the spectra; for example the substitution of a phenylpyridine by a
benzo-h-quinoline seems to produce a shortening of the Ru-N bond this

9.0
3A
3D
3C

BH04

6.0

4C

te— BHQG

“V

=21122 sc40

6D.BH05

6B

7.0

BHQ9

9.0

8.0

7.0

Figure 14. Contour plot of the HDCQSY spectrum of [Ru(bpy)2 33+.
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Table VIII.

1H NMR Chemical Shifts for [Ru(bpy)233+

Proton

Chemical Shift

Proton

Chemical Shift

3A

8.79

3D

8.67

4A

8.13

4D

7.85

5A

7.61

5D

7.20

6A

7.77

6D

7.77

3B

8.59

BHQ2

7.78

4B

7.82

BHQ3

7.42

5B

7.18

BHQ4

8.31

6B

7.55

BHQ5

7.77

BHQ6

7.87

3C

8.65

BHQ7

7.39

4C

7.95

BHQ8

7.20

5C

7.41

BHQ9

6.59

6C

7 .8 0
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ligand with respect to the Ru-N distance in the pyridyl groups.

This

shortening, on cycloraetallation, is probably due to the more rigid
structure of this ligand, compared with that of the phenylpyridine,
which will produce the
Ru-C bond is formed.

approaching of the quinoline skeleton when the

The FI projection of the 2D-spectrum contains some

artifacts which have been labeled with a * sign.
(d)

[Rutbpyjg1*]* in which 4 is p-dimethylaminoazobenzene: The

HDCOSY spectrum for this compound, presented in Figure 15, shows sane
distinct features.

The peaks appearing between 6.8-7.0 ppm are all

coupled with themselves.
protons.

Integration of these peaks corresponds to five

An analysis of Figure 8d, indicates that the phenyl group

attached to the nitrogen of the cyclometallated ring is not related to
the other aromatic rings in the compound; as a matter of fact it has
freedom to rotate.

Furthermore the impossibility of assignment of the

protons in this phenyl group, due to their indistinguishability in the
spectrum, suggests that this group is freely rotating in the molecule.
The assignment of the other protons has been done using the same
assumptions of the geometry of the [Ru(bpy)213+; however it is noticed
a downfield shifting of proton 6D since there is no ring current
influencing it (see Figure 8d).

There is a noticeable upfield shifting

of the aryl protons corresponding to the cyclometallated ring which is
expected, since it contains the electron donating dimethyl amino group,
which donates electron density to the carbon atoms of the aryl ring,
thus decreasing the chemical shift of the protons attached to then.
Proton 6P for this compound gives the most upfield signal with respect
to those of the other protons in positions 6P (as can be observed from

6D3B'
3C
'34
3D

8.0

1

7.0

<5P

6P

8.0

7.0

6.0

Figure 15. Contour plot of the HDCOSY spectrum of [Ru(bpy)2 H]+ .
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Table IX.

TJ NMR Chemical Shifts for [Ru(bpy)„fl]+

Proton

Chemical Shift

Proton

3A

8.47

3D

8.08

4A

7.94

4D

7.98

5A

7.45

5D

7.45

6A

7.72

6D

8.65

3B

8.66

3E

4B

8.00

4E

5B

7.41

5E

6B

7.56

6E

3C

8.50

3P

7.99

4C

7.94

4P

6.48

5C

7.43

6C

7.58

6P

5 .7 4

Chemical Shift

not assignable
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the chemical shifts tables.)

The chemical shifts for the assignable

protons were determined and are tabulated in Table IX using the
numbering system in Figure 8d.

As before the artifacts in the FI

projection are labeled with the * sign.
(e)

[RutbpyJgSj* in which 5 is azobenzene: This compound

differs with the above only in the substituent; however, the HDCOSY
spectrum presented in Figure 16 shows that in this case we can
distinguish between the protons in the "free to rotate" phenyl group.
This of course suggests seme preferred conformation of this group in the
molecule.

As before, a downfield shifting of proton 6D is observed for

the same reason that was given previously.

The assignments of the

protons using the assumptions as before are tabulated in Table X.
numbering system used is presented in Figure 8e.

The

The artifacts in the

FI projection are indicated with the * sign.
The results obtained for these compounds by means of this technique
(HDCOSY) illustrate the power of the method, as well as its limitations.
The nature of the pulse sequence used is bound to produce some
distortions and even nulling of cross-peak intensities; however due to
the multiple coupling patterns of these compounds this seems to be the
method of choice for the characterization of these compounds since the
nulling of some cross peak does not represent a real obstacle for
characterization.

Experiments of correlation of proton and carbon-13

chemical shifts would be the next step in the characterization of the
compounds, but these were not contemplated in the present study, but are
envisioned in a future project.

Unfortunately, the limited resolution

obtained in the FI domain (1 Hz/pt) does not allow the assignment of the
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Figure 16. Contour plot of the HDCOSY spectrum of [Ru(bpy)2 5]+

73

Table X.
Proton

1H NMR Chemical Shifts for [Ru(bpy)25]+
Chemical Shift

Proton

Chemical Shift

3A

8.44

3D

7.99

4A

7.94

4D

8.02

5A

7.45

5D

7.45

6A

7.68

6D

8.68

3B

8.50

2E

6.90

4B

8.02

3E

7.04

5B

7.44

4E

7.14

6B

7.34

5E

7.04

6E

6.90

3C

8.73

3P

8.26

4C

8.06

4P

7.05

5C

7.46

5P

6.93

6C

7.53

6P

6.79

coupling constants for these protons with confidence.

SPECTROSCOPIC, PHOTOCHEMICAL AND ELECTROCHEMICAL PROPERTIES
OF THE CYCLOMETALLATED RUTHENIUM COMPOUNDS
Although the photochemical, spectroscopic, and electrochemical
properties of transition metal 2,2-bipyridine complexes have been
studied extensively, relatively little is known of the photochemical,
spectroscopic, and electrochemical properties of transition metal
cyclometallated complexes, particularly those with ligands analogous to
2,2-bipyridine.

Even more, the extensive literature on organometallic

photochemistry includes very little characterization of the
photochemical properties of metal-carbon sigma bonds to aromatic
pi-conjugated ligands.
There are basically three orbital types of excited states in
transition metal complexes: i) those arising from transitions between
molecular orbitals mainly localized on the central metal (MC); these
transitions are usually called d-d transitions or ligand field
transitions (LF); ii) those arising from transitions between molecular
orbitals mainly localized around the ligands and molecular orbitals
localized on the central metal, called charge-transfer (either
ligand-to-metal, LMCT, or metal-to-llgand, MLCT); and iii) those arising
from transitions between molecular orbitals mainly localized on the
ligands or ligand-centered (LC); these transitions are usually called
intraligand transitions (IL).

These latter transitions only Involve

ligand orbitals which are almost unaffected by coordination to the
22
metal . The energies of the states involved in these three kinds of
transitions are respectively related to the ligand field strength, to
75

76

the redox properties of metal and ligands, and to the intrinsic
spectroscopic properties of the ligands themselves.

In the

ruthenium(II) complexes the LMCT excited states normally lie at high
energies, because ruthenium(II) has low electron affinity Can exception
has been found however in complexes containing the strongly reducing
DPA*“ ligand, where HDPA is 2,2'-dipyridylamine, for which the lowest
excited state has been assigned as LMCT^).

Thus generally the lowest

excited state will be LF, MLCT, or IL in origin, depending on the nature
of the ligands.
Well-studied ligands such as CO and CN“, which form metal-carbon
bonds readily, are known to lie at the top of the spectrochemlcal
series.

These ligands are remarkable for their strong metal-ligand

piback-bonding abilities, nevertheless they lack the extended
ligand-based pi-conjugation of the cyclometallating ligands under study
and, consequently, their complexes do not generally display the low
energy MLCT states which are characteristic of the ruthenium-bipyridine
type complexes.

Recent studies of Ir(III) and RhClII) cyclometallated

complexes of 2-phenylpyridine and benzo(h)quinoline indicate that the
ortho-metallated ligands are considerably higher than 2,2’-bipyridine
24
Cbpy) and 1,10-phenanthroline (phen) in the spectroehemical series .
Therefore the ligand field (LF) states are expected to be at higher
energies due to the formation of the metal-carbon bonds, as happens with
the CO and CN“ ligands, and low-energy MLCT bands, that occur in the
spectra of analogous 2,2'-bipyridine type complexes, are expected for
these compounds.
Absorption Spectra: The UV-Visible absorption spectra of
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Figure 17. UV-Visible absorption spectra of [RuCbpy), 1]+ (---- ),
[Ru(bpy)p 2] C------- ), and [Ru(bpy)_ 3] C
) in
methanol solutions at room temperature.
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TABLE XI
Absorption Data for Ru(II) Cyclometallated Com p lexes of 2-CV-Nitrophenyl)pvridine. 2-PhenvlPvrldine and Benzorhlquinoline in Methanol and Water at
Roan Temperatune.
Complex

—l

Absorption Features (nm; cm

—4

xlO

)
V

Methanol Solvent Water Solvent
510
490
412
385
360
295
288
248

1.96 (sh)
2.04
2.43
2.60
2.78
3.39 Csh)
3.47
4.03

380; 2.63 (sh)
350; 2.86
Cc)
(c)
Cc)

1.4
1.4
1.0
1.0
1.0
5.2
5.3
3.4

[Ru(bpy)2 2]+

550;
495;
405;
371;
298;
290;
250;

1.82
2.02
2.47
2.70
3.36
3.45 (sh)
4.00

545;
500;
400;
365;
Cc)
Cc)
Cc)

1.83
2.00
2.50
2.74

.96
.83
1.1
1.2
6.0
5.5
3.8

[Ru(bpy)2 3]+

543;
495;
420;
381;
337;
297;
290;
261;
249;

1.84
2.02
2.38 Csh)
2.62
2.97
3.37
3.45 (sh)
3.83
4.02

540;
490;
415;
380;
335;
(c)
(c)
Cc)
(c)

1.85
2.04
2.41 Csh)
2.63
2.98

1.1
.98
1.03
1.3
.93
4.8
4.2
3.7
3.9

[Ru(bpy)2 13+

520; 1.92

(d)
(d)

(a) Molar absorptivity determined in methanol solvent
Cb) Prepared by transferring the sample from a concentrated acetone
solution by means of a microsyringe
Cc) UV region not measured in this solvent
(d) Structure disappears in this sovent
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TABLE XII
Absorption Data for_Ru(II) Cyclometallated Complexes o£_Azobenzene. and
p-Dimethylamlno-azobenzene In Methanol at Room Temperature
Complex

Absorption Features (nm; cm^xlO"1*)

(JC^cnf^xlO”1*)

[Ru(bpy)p 4]+

530;
398;
293;
289;
245;

1.89
2.51
3.41
3.46 (sh)
4.08

1.5
2.1
4.8
4.6
3.3

[Ru(bpy)- 5]

500;
425;
340;
295;
245;

2.00
2.35 (sh)
2.94
3.39
4.08

1.3
.52
1.4
2.0
1.2
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[Ru(bpy)2 1l+t [Ru(bpy)2 2]+, and [Ru(bpy)2 3]+ in methanol are shown
in Figure 17» and those of [Ru(bpy)2 4]+ and [Ru(bpy>2 5]+ in methanol
are presented in Figure 18.

A complete compilation of the wavelength

and extinction coefficients for the major absorption features is
presented in Table XI and Table XII.

Absorption features were found to

remain constant for several days following the preparation of the
methanolic solutions of each of the complexes.

The visible spectra of

aqueous solutions of the first three compounds prepared from a
concentrated acetone solution were recorded.

The spectrum of [Ru(bpy)2

13+ shows some changes in the shape of the spectrum itself and the
others remain essentially the same.

The Beer-Lambert Law of absorption

was assumed in the calculation of extinction coefficients without
further testing.
On assigning the UV-visible bands, comparisons with complexes of
structurally similar 4-nitro-2,2*-bipyridine2^'2**; 2,2'-bipyridyl2^ ~ ^ ;
1,10-phenanthroline^2* ^ ; and 2-Cphenyl-azo)pyridine^”^ ,it®“^ ligands
were considered.

However, the high degree of covalency expected for the

M-C bonds makes these comparisons difficult to ascribe by means of the
ligand field approach which is so convenient with the coordinating
ligands.

Nevertheless, this approach may yield useful insights into

excited state descriptions of these compounds also.

The effect of a M-C

bond on the ligand field model, specifically Co-CH^ bond, has been
discussed

, but there were no further generalizations.

By far the

complex Ru(bpy)g2+ has been the most studied of the structurally
analogous complexes to the cyclometallated counterparts, in part because
of possible applications of their metal to ligand charge transfer (MLCT)
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6 2 -6 8

excited states in solar energy conversion processes

“

. However a

number of questions remain concerning the electronic structures of the
excited states, particularly whether the MLCT excited states are better
described as having the promoted electron localized in the ir* levels of
a single bpy ligand or delocalized over the n * orbitals of all three bpy
ligands.

An electronic structural model that assumes that both the

absorbing and emitting MLCT states are delocalized has been
presented^-^ , but there is a great deal of experimental evidence which
is in disagreement with the assumptions and predictions of this

74-84. On the other hand the characterization of the lower lying

model

excited states as either triplets or singlets should be modified so as
to consider these states as largely triplet in character or largely
singlet in character since appreciable mixing occurs via spin-orbit
coupling.

As a matter of fact optical absorption, which interconverts

the thermally equilibrated ground and nonequilibrium excited states, is
predominantly from transitions to states largely singlet in character,
whereas emission from vibrationally equilibrated excited states to
nonequilibrium ground states occurs from states that are largely triplet
79-84
in character
. A self-consistent-field molecular orbital model, at
the "intermediate neglect of differential overlap" (INDO) level of
85
approximation has also been presented in the literature
to assign the
observed charge transfer and intraligand absorption bands of Ru(bpy)^2"1".
This model does not take into account ligand field excited states or
spin-orbit coupling.

An electronic structural model, which includes

84
spin-orbit coupling, has been developed by Kober and Meyer
for the
absorption spectra of M(bpy)^2+ (where M=Fe, Ru, Os) and has been used
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to calculate the composition and relative energies of ir*

d?r excited

states.
For mixed ruthenium complexes containing 2,2'-bipyridine and/or
1,10-phenanthroline and/or a diimine type ligand, the absorption and
emission spectra have been reported in the literature and they are
Ox
summarized below.

For the mixed complexes series [RuCbpy^CNN)^]

in

which NN = 2,2'-pyridyl quinoline^®, biquinoline**2 ;
iia
l-(2-pyridyl)-3,5-dimethyl-pyrazole J and for the series
2+

[Ru(phen)n(NN)2 _n]

37

where NN = 2,2'-pyridylqulnoline ' and where n =

0,1,2 or 3; experimental evidence shows that the absorption spectra
exhibit two independent charge-transfer transitions (one to each
ligand), the intensities of which approximate a weighted superimposition
of the spectra of the terminal members of the series.

This behavior of

essentially localized charge-transfer on individual ligands, which
corresponds to a weak coupling between ligands, seems to be clearly
demonstrated in the case of Ru(bpy)^+ itself, where the electronic
density is localized on one of the bipyridines in the excited MLCT
ai
state
corresponding to a state representation of the type Ru(III)
-

(bpy)o(bpy *)

• On the other hand another type of behavior has been
P .32,39,45
reported for the series [Ru(bpy)n(phen)^_n]
where there is no
d

clear resolution into two bands.

The general shape of the absorption

envelope is the same for each member of the series and the position of
the absorption maxima for the inner member of the series is spaced
fairly regularly between the terminal members.

This delocalized

behavior was considered to occur because of the strong coupling between
the ligands, nevertheless it should be noticed that in this system the
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spectra of the terminal members of the series are very similar, and only
small perturbations are required for the dual characteristics to
collapse in the spectra of the mixed complexes.

The behavior of these

compounds has been re-examined recently in the literature
suggested that the w#

tt

and it was

transitions characteristic of Ru(bpy)^+ and

Ru(phen)^+ maintain their identities in the mixed-ligand complexes from
which ligand-localized excited electronic states may be inferred; on the
other hand the evidence for strong coupling between the ligands has been
refuted.
However, in the series of cyclometallated compounds under study, it
is not possible to assign the different bands of the absorption spectra
as "localized” or "delocalized" charge transfer states, populated by
absorption of visible light, by comparisons of spectra of the terminal
member of the series.

First of all the attachment of three or even two

cyclometallated ligands in the same central atom seems to be very
difficult and it was not possible to synthesize such species under the
conditions used.

On the other hand if it was possible to have the

absorption spectrum of Ru(II)-(cyclometallated ligand)^", it would not
be possible to assign the spectra of the mixed ligand complexes as a
weighted superimposition of this spectrum and the spectrum of
2+
Ru(bpy)^ , because of the strong sigma-donor character of the

cyclometallating ligand.

This sigma donor ability of the

cyclometallating ligand will increase the electronic density at the
ruthenium center, destabilizing the t2 orbitals and most probably
increasing the 7Tback donation to the ligands.

The net effect would be

a red shifting in the positions of the charge-transfer bands.
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Figure 19. UV-Visible abaorption spectra of Ru(bpy)-Cl_
Ru(bpy)(---- ), and [Ru(bpy). 2]* (-£— 2) in methanol
solutions at room temperature.
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Furthermore this effect would increase as the number of cyclometallated
ligands around the central metal ion is increased.

This kind of

behavior has been reported for the Ru(bpy)2Cl2 complex in which a red
shifting of the 7r*(bpy) <r- d7r charge transfer band has been observed.
The UV-visible absorption spectra of Ru(bpy)2Cl2 along with those of
Ru(bpy)g2+ and [Ru(bpy)2 2]+ are presented in Figure 19 for comparison
purposes.

The bands that appear in the 320-700nm region of the spectrum

of Ru(bpy)2Cl2 have been assigned as MLCT to two

it*

orbitals in the bpy

ligand respectively on the basis that their separation is fairly
constant (ca. 7500cm“^) for a series of analogous ruthenium complexes
and comparable to the difference in energy of the two it* <-vrtransitions
27

found in these complexes 1. The comparison of the spectra presented in
Figure 19 suggests that a similar assignment of the bands could be
possible for the system under study, but each band has been composed of
*(bpy)

dir

and

it*

(cyclometallated ligand) <- dir charge transfer

transitions, the ^(bpy) <- dir transition being the lowest in energy.
This assignment is consistent with some theoretical calculations
presented below and with the electrochemical data obtained in this work.
A different approach to analyzing the spectra will be considered,
even though only qualitative results are expected due to the assunptions
and approximations involved.

It has been shown by a perturbational

molecular orbital calculation that for tris chelated compounds of
2,2'-bipyridine belonging to a

point group symmetry the last occupied

orbital from the ligand will not be perturbed by bonding to a metal
iig

ion

. Therefore by calculating the energy of the HOMO in the free

ligand and carrying this result over to the complex, the position of the
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w* orbital in the complex can be determined from the first intense
absorption band in the U.V. spectra of the complexes (assuming that this
band is due to the jump of an electron from the last occuppied orbital
of the ligand to the first empty one, i.e., a ir*

•Jrtransition)

. The

complexes in the present study belong to a C point group symmetry and
the presence of the cyclometallated ligand makes this approach
inappropriate for assignment of the transitions of these compounds.
However, by analyzing the HOMOs and LUMOs of the free ligands we can
obtain valuable information concerning the energy positions in the
complexes.

It is well known that the first intense absorption band in

the U.V. region of the 2,2'-bipyridine transition metal complexes is
red-shifted with respect to the same transition in the free ligand and
that protonation of the free ligand has a similar effect to that of
coordination to. a +2 ion

.

Calculations
Theoretical calculations on the energies and molecular orbital
schemes of the ligands were performed.

The CNDO/2 ("complete neglect of

differential overlap") approximation was used to calculate the energies
of the ground state.

This particular technique has proven to give good

energies with respect to the experimental ones in previous work in this
department.

The CNDO/S approximation was used to calculate the

electronic transitions and the molecular orbital schemes of the excited
states.

The CNDO approximation uses a valence-basis set, and the

inner-shell orbitals are treated as part of the core.

Several

approximations in order to simplify the integrals are done and they are

TABLE XIII
E n e r g ie s o f t h e HOMOs and LUMOs o f t h e L ig a n d s o b ta in e d bv Means o f
u s in g CNDO/2 and CHDQ/S A p p ro x im a tio n s .

Ligand

HOMO(eV)

LUMO(eV)
(a)

cis 2,2'-Bipyridine (BPY)

-12.125

cis 2,2'-Bipyridine H+

-16.858

-7.584
-13.03

(b)
-7.721
-

2-(3'-Nitrophenyl-6 *-ium)pyrid ine

-4.354

-0.366

-

2-(3'-Nitrophenyl)pyridine (NPPY)

-12.313

-7.797

-7.772

2-(3'-Nitrophenyl)pyridine H+

-15.772

-11.918

-

-3*214

.623

2-Phenyl pyridine (PPY)

-11.677

-7.190

2-Phenyl pyridine H+

-17.083

-13.335

2-(Phenyl-6'-ium)pyridine

-

-7.185
-

Benzo-h-quinolin-10-yl

-3.195

(c)

Benzo-h-quinoline (BHQ)

-10.732

(c)

-6.140

-6.567

(c)

-

Benzo-h-quinolineH+
Azobenzene (AZB)

-11.421

-6.856

-

-7.422

(a) Calculated by adding the energy of the lowest most probable
transition obtained by using the CNDO/S approximation
(b) Calculatedby adding the experimental lowest energy tt*
&
transition from the U.V. spectra of the free ligand
(c) CNDO/S didnot converge after 75 iterations.
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47
discussed elsewhere '. The CNDO/S method is basically the same as that
of CNDO/2 except that different parameters are used to give a better fit
with spectroscopic data.

The Cartesian coordinates of each atom in the

molecule, along with each atom's atomic number, necessary to imput the
above programs, are calculated through a supplementary program called
COORDANG; all programs are available in the LSU Chemistry Department.
The results for the free ligand, the cyclometallating anion, and
the protonated ligand are presented in Table XIII, where the LUMOs
calculated from the CNDO/S method are compared with the LUMOs calculated
from the experimental values of the lowest energy
from the U.V. spectra of the ligands.

7r transition

In all these calculations a

planar ligand has been assumed; this is expected to be nearly so in the
complex as indicated from the X-ray crystallographic structure of
[RuCbpy)^ 1J+ that has been determined in this work.

Since the

crystallographic data for the other complexes are not available, the
distances found for the bpy and 1 ligands were assumed for
2-phenylpyridine and benzoCh)quinoline and unknown distances were
estimated in order to provide appropriate geometries on which the
calculations could be based (crystallographic data for the free ligands
were also not available).

For azobenzene and

paradimethyl-aminoazobenzene, literature values of the distances for the
free ligand were used.
When the HOMOs of the ligands are compared (which are expected to
correspond or to vary in the same proportion in the chelated ligand in
the complex) it has to be considered that the ligand-orbital energies
are strongly determined by the central ion charge; see the values in
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Table XIII.

Thus a chelated 2,2'-bipyridine is attached to a center

with a net charge of +1 (due to the negative charge of the
cyclometallating ligand on the Ru(II)), whereas the cyclometallating
anion is attached to a center with a net charge of +2.

Therefore the

comparisons should be done between the neutral 2,2’-bipyridine and the
neutralized cyclometallated anion (or the free ligand) or between the
protonated 2,2*-bipyridine and the protonated cyclometallating ligand
(two positive charges in the cyclometallated anion to one positive
charge in the 2,2'-bipyridine). An energy diagram obtained by means of
the first alternative is presented in Figure 20.

In this diagram the

experimental values for the transitions have been used.
It is interesting to notice from these calculations that the HOMOs
of the different ligands fall within a narrow energy range.

It is

assumed that the protonation of the ligand not only parallels the
transition energy on chelation but also that the absolute value of the
HOMOs follows the same trend.

Since the lowest energy tt* 4- ir

transition for 2,2'-bipyridine and cyclometallated ligand are not very
different it would be expected that the •m*(2,2 '-bipyridine) 4- d-n- and
it*

(cyclometallating ligand) 4- dir transitions would be very close in the

spectra of the mixed ligand complexes.
The low energy tt* 4- irtransition of the ligands and different
complexes found in the literature (Table XIV) are analyzed and it is
found that this intraligand transition in 2,2'-bipyridine is shifted to
lower energies, while for the cyclometallating ligands it is shifted to
higher energies.

It is also noticeable from this Table that the

shifting to lower energies is greater for the monopositive complex
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Figure 20. Calculated energies for the HOMOs and LUMOs of the free
ligands using CNDQ/2 and the experimental values for the
transitions.

page 92

[Ru(bpy)2pyCl]+ with respect to the diposit.jve RoCt-py)^* cation (py
stands for pyridine).
If the intensities of the low energy 7r* 4- tttransitions of the
complexes (Tables XI and XII) are compared with the intensities of the
tt# 4

-

ir transitions

of the free ligands (Table XV) it is apparent that

a superimposition of the tt* 4- ir transition of 2,2*-bipyridine and the
77*4- tt transition of the cyclometallated ligand occurs.

This evidence

supports the calculations and the expectation of ,ir*(2,2,-bipyrdine) 4~
dvr and

tt*(cyclometallating ligand) 4- d7r transitions lying very close

in energy.

Furthermore in light of the data presented in Table XIV the

7r*(2,2'-bipyridine) 4- d77- would be expected at lower energies.

The

absence of information from a purely cyclometallated ruthenium complex
does not allow us to go any further in this analysis.
An assignment of the bands of the spectra presented in Figures 17
and 18 as well as an attempt to explain the differences between them is
presented in the following paragraphs.
The bands appearing around 490-560 nm in Figure 17 can be assigned
to the vr* (bpy) 4- dtt and

7 r*

(cyclometallated ligand) 4- d77-

transitions that were discussed above.

The bands appearing in the 400

nn region probably cc*ne from a transition to higher states represented
by 7r# molecular orbitals, that has been found in ruthenium(II)
compounds of the type [Ru(bpy)2 XY3n+ ^ , in both type of ligands.

The

structure of the bands in [Ru(bpy)2 1]+ changes shape in aqueous
solution between 400 and 500 nm which could probably be ascribed to the
nitro group which will be more sensitive to solvent effects.

On the

other hand, comparing the low energy transitions in [Ru(bpy)2 1]+
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TABLE XIV
Shifting, of the Low Energy
Ligand

tt*

Transition Upon Complexation

tt* 4-7)"in Free Ligand (nm)

w* ^-7rin complex, (nm)

2,2'-Bipyridine

281.5

RiKbpy)^2*

288

2,2'-Bipyridine

281.5

Ir(bpy)32+

320

Phenylpyridine

276.0

[iKphenylpyridine^Cllg

260

Benzo-h-quinoline

264.0

[Ir(benzo(h)quinoline)2Cl32

260

2,2'-Bipyridine

281.5

[RtKbpyJg pyridine Cl]+

293
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TABLE XV
Intrallgand.Transitions (Methanol)
rr*

w* <r-^n

)

cis-2,2'-Bipyrid ine

281

cis-2,2>-BipyridineH+

302.5 (1.66)

243

( .828)

2-C3'-Nitrophenyl)pyridine

270

240

(2.20)

2-Phenylpyridine

276

245

(1.14)

Benzo-h-quinoline

264

(2.47)

228

(4.04)

345

(3.22)

Azobenzene

314

(1.82)

228

(1.34)

433

( .0729)

p-Dimethylaminoazobenzene

322.6 (.355)

(1.62)
(.910)

nm( exlO

h

nm( ex10

(1.38)

nm( exlO“ )

* <- n

Ligand

)

234.5 (1.07)

256.4 ( .794)

408.2 (2.40)
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and [Ru(bpy)2 2]+ a shifting of the transitions of the former to lower
energies would be expected, based on the electron withdrawing effect of
the nitro group on the ring

system (the MLCT band from Ru^py^2* to

Ru(bpy)2(2-5'N02-2,bipyridine)2+ is shifted from 452 nm to 493 nm^).
This shift however does not occur.

The constancy is probably due to the

fact that the nitro group decreases the electronic density of the
cyclometallating anion in the 6>position (nitro group deactivates the
para position), therefore stabilizing the metal d

orbitals.

This

effect predominates, and the transition stays at higher energies.

For

the [Ru(bpy)2 3)+ complex the band that appears around 260 nm in the
free ligand appears as a shoulder of the band at around 250 nm and the
band at 345 nm in the spectrum of the free ligand appears at around 337
nm in the spectrum of complex (all of these correspond to IL
transitions).
The spectra of the compounds [Ru(bpy)2 4]+ and [Ru(bpy)2 53+,
presented in Figure 18, exhibit in the visible region two bands that
appear to be typically charge-transfer in character, that have molar
absorptivities on the order of 10^ M“^cm“\

In [Ru(bpy)2 4]+ the

lowest energy band is shifted to lower energies with respect to those of
i

*

[Ru(bpy)2 5]+ , even though it would be expected a shifting to higher
energies due to the electrodonating character of the dimethylamlno group
in the cyclometallated ring.

This apparent contradiction may be

explained in terms of the activation of the meta positions of the phenyl
group by the electrodonating character of the substituent.

This

increase In electron density in the cyclometallating position will
destabilize the metal dir orbitals and lowers the energy of the tt*

d
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MLCT transition.

As in the other series of compounds, the bands in the

320-700nm region are expected to be composed of ■m* (bpy) 4-d>77and

“Jr*

(azo ligand) 4-d7rcharge transfer transitions, and the values of its
extinction coefficients strongly suggest that this is so.

The origin of

the shoulder around 425 nm in [Ru(bpy)2 53+ is not clear and may be
caused by the separation of the MLCT to the different ligands.

In the

UV region of the spectra the bands at 245 nm and at about 290 nm appear
to be an overlap of intraligand vr* 4- nr transitions found in the free
ligands.

Some interaction apparently occurs between the transitions

since the combined intensities do not correspond to that obtained by
simply adding the separate molar absorptivities; however this
quantitative inconsistency could only reflect the effect of
cyclometallation. It is interesting to compare the UV-Visible spectra
of [Ru(bpy)2 5)

4-

?4*

and the [Ru(bpy)2(phenylazopyridine)3

analogue, the

latter exhibitive bands at 494 nm, 364 nm (shoulder), and 278 nm (the
spectrum was not reported below this region)

. The lowest energy CT

band is shifted only 243 cm-* to lower energies on going to the
cyclometallated compound, whereas the shifting on going from Ru(bpy)^+
to [Ru(bpy)2 2]+ is 18200 cm"*.

This comparison would indicate a

lowering in the strength of the azo cyclometallating ligand as a

donor

due probably to the presence of the azo group which would stabilize the
negative charge of the cyclometallating anion.

This lowering does not

seem to be reflected however in the charge densities of the
cyclometallating anions calculated by means of the CNDO/S program and
presented in Figure 21.
Emission Spectra:

These compounds do not exhibit luminescence in
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deaerated acetonitrile solutions at room temperature in the 400-800 nm
region, however at 77K only [Ru(bpy)2 L]+ with L = 1, 2 or 3 exhibit
emission in this range in an EtOH/MeOH (4:1) glass.

The emission

spectrum of [Ru(bpy)2 1]+ was also measured in EPA (diethyl
ether/isopentane/ethylalcohol; 5:5:2) in the same region.

The results

are tabulated in Table XVI and the uncorrected emission spectrum in
EtOH/MeOH (4:1) glass are presented in Figure 22.

Emission spectra are

independent of excitation wavelength in the range 400-500 nm and the
luminescence excitation profiles are very similar to those of the
absorption spectra of the complexes.

From Tables XI and XVI the

difference in energy between the lowest energy absorption bands and the
emission bands for the first three compounds of the series can be found.
These energies lie very close together, being 5.09 x 10 cm ; 4.61 x
3 - 1
3 - 1
10J cm
and 5.05 x 10 cm
for L = 1,2 and 3 respectively (in
[Ru(bpy)2 L]+). The emission maxima for these compounds occur shifted
to the red by 2.64 x 10^ cm“'1'; 3.58 x lO^cnT1 and 3.78 x 10^ cm-1
compared with the emission maximum of Ru(bpy)^+. This result is
consistent with the red-shifting of the absorption bands with respect to
3 - 1
3 - 1
that of the same reference compound (2.61 x 10 cm ; 4.04 x 10 cm
■3
1
and 3.81 x 10J cm
respectively). The emission spectra display the
vibrational fine structure characteristic of Ru-bpy MLCT emission bands
which supports the earlier assignments, but this assignment is not
definitive since the emission spectra characteristics of
Ru-cyclometalated ligand MLCT is not known.

Several examples for

emission spectra from mixed-ligand ruthenium compounds are found in the
literature.

For mixed compounds of the type Ru(bpy)n(pq)2 _n (where pq =

600
16.67

650
15.38

700
14.29

750
13.33

800
12.50

8 50 X
11.77 kK

Figure 22. Emission spectra of [Ru(bpy)_ 1]+ (---- ), [Ru(bpy)0 2]+
(---), and [Ru(bpy)_ 31
in EtOH/MeOH (4:T) at 77K
{uncorrected.

TABLE XVI
Emission,Maxima of the.EBaGtaad^ L1A Complexes at 77K
1 —Zl
L
Solvent
Emission maxima (nm; cm xlO )
.gfiEEfifiited

Uncorrected

1

EPA

676; 1.48

668; 1.50

1

EtOH/MeOH(4:1)

689; 1.45

681; 1.47

2

EtOH/MeOH(4:1)

737; 1.36

725; 1.38

3

EtOH/MeOH(4:1)

748; 1.34

740; 1.35
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2-(2-pyridyl) quinoline and n = 1 or 2), the charge transfer states,
populated by the initial absorption of radiation, are essentially
localized on the individual ligands.

However little mixing of the

ligand emitting states occurs and both the initial excited states of pq
and bpy rapidly convert to the emitting state of pq alone

. On the

other hand for compounds of the types [RuCbpyJ^phen)^ n32+ (n = 1 or 2)
the emission spectra were interpreted (as in the absorption spectra) in
terms of strong coupling between dissimilar ligands resulting in
single-peak emission bands whose position is intermediate between the
Ru-bpy MLCT and Ru-phen MLCT emission bands^2 '^*^.

However a recent

re-examination of the evidence for strong interligand coupling^ shows
that the shifts in experimental band maxima in this series can be
reproduced by a simple weighted addition of the emission profiles of
O
O
[RuCbpy)^ 3* and [Ru(phen)^ +3*, demonstrating that the shifts are not
necessarily symptomatic of strong interligand orbital interactions.
Even more, for the emission spectra of the series Ru(phen)n (pq)^^,
contrasting results have been reported:

a dual emission from the

Ru-phen MLCT and the Ru-pq MLCT with a high percentage of energy
transfer from the Ru-phen MLCT to the Ru-pq MLCT emitting state was
reported"^, while Klassen^ reports an emission from the Ru-pq MLCT
only.
Evidence from our calculations on the free ligands, as well as the
shifting of the w# 4- w transitions upon coordination to the metal
(Table XIV), strongly suggest a model in which the Ru-bpy MLCT
transition populates the emitting state, and the other excited states
convert to the emitting state.

The shifting of the emission maxima
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would reflect then the effect of the cyclometallating ligand on the
ground state, which corresponds with the earlier discussion of the
absorption spectra of these compounds.

(Phenylpyridine and

benzoCh)quinoline cyclometallating anions are more destabilizing than
the 2-(3’nitrophenylpyridine) cyclometallating anion because of the
nitro group.)
The non-emission at 77K of the two last members of the series of
cyclometallated compounds could be explained if the Ru-azocompound MLCT
is the lowest in energy and if, therefore, the emitting state is
localized in the azocyclometallating ligand.

The excited state

molecular orbital schemes found through CNDO/S indicate that the excited
electron would be localized mainly at the azo group.

The first

azobenzene excited state molecular orbital is composed of mainly two
molecular orbitals schematized in Figure 23, while that of
paradimethylaminoazobenzene is composed of only one that is shown in the
same figure.

This emission probably occurs at energies in the near IR

region and is impossible to detect with the equipment used.

This

conclusion is corroborated by the resonance Raman spectrum of
Ru(2-phenylazopyridine)2L2n+ (in which L stands for different
monodentate and bidentate ligands) which suggests that the charge
transfer from the Ru(II)tg metal orbitals resides in the
2-phenylazopyridine antibonding 7r* orbitals localized principally in the
50

azo N=N region of the ligand

.

Photochemical Properties:

The photochemical behavior of

[Ru(bpy)2 1]+ was evaluated in different solvents.

In separate
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5-0337

4 -1524

Figure 23. The lowest vacant MOs of azobenzene and
p-dimethylaminoazobenzene. The diameter of the circles are
proportional to the coefficients of atomic orbitals. The
shaded circle indicates that the coefficient is negative.
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solutions of (a) 0.01M tetrabutylammonium chloride in dichloromethane
(b) pure water, and (c) aqueous 0.1M sodium chloride, no change in the
complex could be detected even after prolonged irradiation.

This

behavior is rationalized in the next section in terms of the population
of a triplet MLCT state that has some singlet character and lies below
the LF states which would lead to photosubstitution reactions.

On the

other hand, in aqueous 0.1M HC1, the complex is thermally unstable,
decomposing to [RuCbpy^CHgO),,]2* in the dark over the time span of
several minutes.

No increased rate was observed upon irradiation.

[Ru(bpy)2 2]+ is thermally unstable in water, decomposing very fast to
undertermined products.

Attempts to measure its photochemical behavior

in aqueous 0.1M sodium chloride solution were thwarted by its thermal
decomposition.

[Ru(bpy)2 3l+ was stable in water, and only a very

small change could be detected after a prolonged period of irradiation
of an aqueous 0.1M solution of sodium chloride.

These results can be

explained in terms of the Tr-backbonding ability of the cyclometallating
ligands, which decrease in the order: 2-(3’nitrophenyl)-pyridine,
benzo(h)quinoline, and 2-phenylpyridine.

This backbondlng will lower

the positions of the LF states which leads to substitution reactions.
However to ascribe this behavior to a single factor may be misleading
and kinetic considerations should be included to account for the
observed results.

Any other steps were pursued to attempt the further

rationalization of these photochemical results.
Temperature Dependence of Emission Lifetimes and Emission
Intensities:

The emission lifetimes(x ) and the relative emission

Intensities ( I ^ a ^ ) as ln(l/x ) and ln(l/(Ir/a Io)) +■ C (in which C is
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an arbitrary scaling constant, Ir the intensity of the light emission,
and alo the amount of light absorbed) respectively are presented in
Figure 24 for [RuCbpyJg 1]+. Both the emission intensity and lifetime
are extremely sensitive to temperature. As reported in previous
42 51-54
cases, ’
this temperature dependence can be described by
Eqs(l)-(7), in which

Ir is the luminescence quantum yield, k a

constant for a given instrumental geometry, and the rate constants are
defined in the modified Jablonski diagram presented in Figure 25.
lowest excited MLCT state is deactivated by three processes:

The

radiative

decay (kr), radiationless decay (knr), and thermal population of higher
excited state kQexp(- AE/RT).

ir
“Jo

=

k$r

(1)

k + k „ k
r
nr +. o
*r
or

(l/k)x(I/aIQ)

1
1
In ___ =I n ________
$r
Clr/ aIQ)

kr

(2J

kr

AE
= C, - ___
1
RT

since ®
^ ---- and T = —
---*i -Sjkj
2jkj

e"AE/RT

(3)

(4)

<t>r = kr T

therefore
or

--- = kr + knr + ko e

1
AE
In ___ = c- - ____
t
RT

(6)
(7)
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Figure 24.

10.0

/T

Temperature dependence of emission lifetime (■) and
relative emission intensity (•) in EtOH/MeOH (4:1) for
[Ru(bpy)2 1] .
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Figure 25. Modified Jablonski diagram for Ru(bpy)g^+ .
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where

and c2 are constants used to simplify the expressions.

The

same approach has been utilized in the present case and the
computer-generated function of the emission intensity and lifetimes are
shown in Figure 26.
experimental data.

These equations seem to describe adequately the
This kind of behavior has been attributed for other

ruthenium complexes to population of a higher-lying ligand field
C1 rO
state
(see Figure 25). This assignment is based primarily on the
occurrence of photoanation as the high-lying state is populated.

In the

present case, this state is populated with unit efficiency at 298K yet
no photoanation could be observed even in 0.01M Cl^CHgClg), a medium
p.
DO
where Ru(bpy)g
undergoes photoanation very efficiently.
Consequently, the observed temperature dependence must be related to an
alternative process.

One possibility is the population of a

higher-lying triplet MLCT state that contains a significant amount of
singlet character due to spin-orbit coupling.

This state has been

recently discussed in the literature^ in the case of ruthenium(II)
mixed complexes of bpy and either bipyrazine or bypyrimidine.

These

complexes display temperature-dependent emission quantum yields and
lifetimes but do not undergo photoanation when the higher state is
populated.

59

Furthermore, the kinetic parameters for population of this

state (kQ “ 10^,AE “ 400-800 cm“^) are considerably different from
those obtained for population of the photoactive (LF) state (kQ ” 10
E ~ 3000 cm“^).

13

,A

This discrepancy leads to the postulation of the

higher-lying ^MLCT with significant singlet character.

The best fits of

the data to Eqs (2) and (6) are shown in Table XVII, where the
corresponding values for Ru(bpy)^+ are tabulated for comparison
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7.8

7.0

o
K

7.9

8.7

10.3

Figure 26. Temperature dependence of the relative emission intensity
(top) and the emission lifetime (bottom) of [Ru(bpy)9 1 ]
in EtOH/MeOH (4:1). The solid curve is the
computer-generated fit using the parameters given in Table
XVII.

TABLE XVII
Comparison -OfVPfaotoPhvsical Properties of [Ru(bpv)- 11+

3Ed.Ru.Cbp.y)^24'.
[Ru(bpy)2 1]^
T(ns)

Rutbpyjg2* ^

878

5,200

0.038

0.376

kr + knr (unltleSs)(b)
k x kr

1.2X10-1

7.9

kr + knr (secT1) ^

1.2xl06

3.9xl05

5 ____
k x kr

6.7x106

1.6x10^

2.6xl011

l.9xl014

Temperature Dependence

(unitless)^

kQ (sec"1) ^
AE (cm"1(b)

1404

3951

AE (cm_1(c)

956

3859

(a) This data has been reported previously*^
(b) Based upon Intensity measurements
Co) Based upon lifetime measurements
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purposes.
For the present case, the expected variations of the MLCT and LF
energies support the assignment of the higher-lying state as an ^MLCT
state with significant singlet character.

However an alternative

explanation, based on the population of a JMLCT state located in the
2-(3'nitrophenyl)pyridine ligand, could also explain our results.

This

state would undergo an efficient radiationless decay to the ground
state.

•a

The energy separation between the JMLCT and LF states in

RuCbpy)^2* has been experimentally evaluatedto be 3800 cm”'1' (see Table
XVII).

For [RuCbpyJg 1)+, the MLCT states occur at lower energies

relative to those of R u^ p y ^ 2*, as can be seen from the shift to the
red in the absorption and emission maxima.

On the other hand, LF states

are expected to shift to the blue since a carbanion donor ligand is
substantially higher than a nitrogen donor ligand in the spectrochemical
series.

Consequently, the energy difference between the ^MLCT and LF

states is expected to increase in [Ru(bpy)2 1]+ relative to Ru^py^2*.
3
This larger MLCT/LF energy gap decreases the probability of LF
population which is most likely the reason why population of either a
higher-lying

MLCT in bpy with significant singlet character or a JMLCT

state located in the cyclometallated ligand can be observed.

Electrochemical Properties: Cyclic voltammograms for the oxidation
of [Ru(bpy)2 L]+ for L = 1,2 and 3 are presented in Figure 27 and for L
~

4 and 5 in Figure 28, in dichloromethane containing 0.1M TBAP as the

supporting electrolyte at room temperature.

For all the complexes

reversible oxidations were observed within the electrochemical window
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Figure 27. Cyclic voltanraograms of a) [Ru(bpy)p 2]+, b) ERu(bpy)? 1]+ ,
and c) [Ru(bpy)2 3] in diehlorometfiane solution (0.1W TBAP)
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0.9
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Figure 28. Cyclic voltanrnograms of a) [RufbpyJ^ 4]+, and b) [RuCbpy)„ 5]+
in dichloromethane solution (0.1M TBAP).
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(voltage range) of the solvent used.

values were deduced by

averaging the peak potentials for the oxidation and reduction waves.
The sweep rate was varied between 100 to 200 mV/sec without significant
change in the AEp ( AEp = Ep(ox) - Ep(red)) which is approximately 70
mV for most of the oxidation-reduction voltammograms.

In contrast to

oxidations, irreversibility was observed in the cyclic voltammograms for
reductions.

For [Ru(bpy)2 1]+ and [Ru(bpy)2 2]+ irreversible behavior

was observed before a reversible wave.

Reductions in general occur at

very negative voltages and in general we were able to observe only one
in the supporting electrolyte used.

The oxidation and reduction

potentials (for the observed reversible waves) are summarixed in Table
XVIII.

The oxidation-reduction potentials of seme of their diimine

analogues are presented in Table XIX.

The general increase in both the

oxidation and reduction potentials on going from the series of
monocations to the dication analogues presumably results from both the
increase in charge of the complexes and the replacement of a a -donor
cyclometallating ligand, with a -m-acceptor group ligand.
Oxidations are metal centered, i.e. oxidations remove one electron
from a metal tg orbital, and are represented by the equation:
[RuI3:(bpy)2 L]+ ^ = ^ - [Rui n (bpy)2 L]2+ + e“
Ep varied around 70mV for this one electron transfer which is larger
than that expected for reversible one electron transfers ( AEp r 59/n,
where n is the number of electrons).

HoweverAEp values around 70mV for

one-electron transfers have often been reported in the literature for
cyclic voltammograms in nonaqueous media.

The lowering of the oxidation
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TABLE XVIII
C y c lic , VoltanTnetry Data on [RuCbpv^ L I * Jlonmound.sCa5

E1/2, V (vs, SCE)
L

I

1

.78

-1.23

2

.66

-

3

.58

-1.57

4

.56; 1.25

-1.32; -1.56(b)

5

.82

-1.42; -1.58Cc)

II

I —> reduced species

1.65

(a) Measured in CH„C1„ containing O.IM TBAP as supporting electrolite
-ii
at room temperature (concentration of the complexes “10 M)
(b) AEp “ 140 mV for this second reduction
(c) AEp “ 170 mV for this second reduction
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TABLE XIX
Oxidation-Reduction Potentials of Diimine.Ruthenium Complexes Analogues
to the Cvclomefcallated Ruthenium Complexes
Ey z %

Complex

V (vs, SCE)

Oxidation

Reduction

RuCbpy)3 (PF6)2(a)

1 .3 5 4

-1.332

-1.517 -1.764

Ru(bpy)2 (4'N02 -bpy)(PF6)2(b)

1.365

- .5 6 (N02 group) -1.17

-1.53

-1.78
Ru(bpy)2 Cl2(c)

0.31

-

-

[Ru(bpy)2 pyCl]+(d)

0.77

-

-

- .520

-1.258

ERu(bpy)2 (2 arylazopyridine)2+Ce) 1.603

(a)

InCH^CN, 0.1M TBA tetrafluoroborate(Ref, 94).

(b)

InCH3 CN, 0.1M TBAP (Ref. 90).

(c)

InCHgCN, 0.1M TEAP (Ref. 95).

(d)

InCF^CN, 0.1H TBA hexafluorophosphate (Ref.

(e)

InCH3 CN, 0.1M TEAP (Ref. 35).

1).
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potentials, for the compounds under study, is expected on the basis of
the destabilization of the t2 metal orbitals.

As a matter of fact the

c-donor strength of the cyclometallated ligand should be reflected in
these oxidation potentials given the comparative oxidation potential
values and the ability of the cyclometallated ligand to destabilize the
t2 metal orbital would be in the order: 3 > 2 > 1

> 5 > 4 (the

oxidation at 0.56 V for [Ru(bpy) 2 4]+ is attributed to oxidation in the
ligand 4, which possesses the electrodonating dimethylamino group).
This decrease in oxidation potentials with respect to their diimine
analogues (Table XIX) reflects the increasing ease of oxidation of the
metal with cyclometallation (or more generally, with the increasing a
-donor ability of the ligand).
2,2'-bipyridine reduces at -2.21 and -2.M6 V (CH^CN, 0.1M TEAP vs
89
SCE). 7

That is, it has one electrochemically accessibile LUMO, giving

rise to the two successive reductions.
reductions are possible in principle.

In the M (bpy)n moiety, 2n
For the cyclometallating ligands

we expect their LUMOs to be at higher energies than for 2-2’-bipyridine
(CNDO/S calculations) and therefore their reduction potentials should be
more negative.

The present complexes display one or at the most two

reduction waves in the electrochemical window of the solvent (between
1.7V and -1.7V approximately), whereas for their diimine analogues, at
least two reduction waves can be observed in this range (see Table XVI).
When analyzing the reduction potential values, it is informative to
refer to analogous diimine derivatives.

In general it is expected that

the reduction potential of the ligand will shift to a more positive
potential.

This shift can be observed in the case of the complexes
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listed in Table XIX.

This inductive effect of the diimine would affect

of course both 2 ,2 '-bipyridine and the cyclometallating ligand.
Furthermore it could be matched the monopositive complexes with the
first reduced species of RuCbpy)^2*, that is [RuII(bpy) 2 (bpy”)]+, and
compare the reduction potentials of this species with those of the
cyclometallated compounds.

Analyzing Table XIX it can be observed that

the second reduction potential for Ru(bpy)g2+ (i.e. the reduction
potential of [Ru**(bpy) 2 (bpy”)]+ occurs "1.5 V).

This result would

lead us to associate the observed reduction potential of the
cyclometallated compounds as centered in the 2 ,2 '-bipyridine ligand.
For the azo compounds, however, the first reduction wave probably
corresponds to the reduction of the azo ligand as in its
phenylazopyridine analogue.

These reductions can be represented by the

equations
[RuII(bpy) 2 I"]+ + e”

and [Ru^tbpyJg L]+ + e~

[Ru**(bpy)(bpy“) L]° for L = 1 , 2 and 3

[Rui:I(bpy) 2 L“]° for L = 4 and 5

These assignments correspond with the earlier assignments based on
the electronic spectra of the complexes as well as with the
calculations.
LUMO

Within the framework of

CNDO/S MO

calculations the first

of bpy and of the cyclometallating ligands 1, 2, 3 and of its

negative ions 1“ , 2 “ , 3 “ , 4” , and 5“ are schematically presented in
Figure 29 (4 and 5 were already presented in Fig 23).

Below each

scheme the corresponding energy is given and the lowest lying orbital
(less negative reduction potential) corresponding to bpy.

It is
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1

-

1.8 9 3

eV

1.793 eV
Figure 29. The lowest vacant MOs for the neutral ligands and their
anions. The diameters of the circles are proportional to
the coefficients of atomic orbitals. The shaded circle
indicates that the coefficient is negative.
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2©

Figure 29. Continued.

2.387 eV
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5©

4©

Figure 29* Continued.

1.598 eV

1.677 eV
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expected that the energies of the cyclometallating ligand in the
complex to lie somewhere between the energies of the cyclometallated
anion and the free ligand.

This is to be expected since the

cyclretaliated ligand is neutralized by the metal which is at 1 .9 9 7 &
from the carbanion according to the X-ray crystallographic structure,
and a proton at 1.1 8 (free ligand) is used in the CNDO/S calculations.
For the diimine type complexes an interrelationship between the
redox potential and the lowest energy MLCT bands has been found. AE° is
defined as

AE° = E°(Ru)-E°(bpy) where E°(Ru) is the

ruthenium(III)-ruthenium(II) formal potential and E°(bpy) refers to the
bpy reduction occuring at the highest potential.
type:

vm;.n = 8065 AE° + 1 2 0 0 , where

An equation of the

(cm"1) is the energy of the

lowest MLCT band, is obeyed by a series of compounds of the type
27,89-92
[R^bpy^bidentate)]
This empirical equation covered ranges
of AE°(2.69-1.48V) and vmin(23000-1^1000cm~1) quite large and it
predicts v ^ within 1000cm” 1 of the experimental value.

Furthermore

this empirical equation also is applicable to compounds of the type
[Ru(bpy)2 AB]n+ where A and B are monodentate ligands.1,67,93

However,

for compounds of the type [R^bpy^BX]* in which B is a tertiary
1
phosphine or arsine and X is a halide this equation predicts values
that are too low (2000-3000 cm” 1 lower).

In the case at hand, the

predicted energy of the lowest MLCT band and its experimental value,
which are presented in Table XX, do not correlate consistently.

As a

matter of fact for L = 1 and 5 (in Ru(bpy)g L]+ the calculated value is
lower than the experimental, whereas L = 2, 3 and 4 the calculated
value is higher than the experimental.

Since there is not a physical

TABLE XX
Calculated. andJExperiroental Energy of _the_Low.est MLCT Band of
£Ru(bpy)g
L

Calculated (cm’"'1')

Experimental (cm”'1’)

1

17400

19600

2

19800

18200

3

18500

18400

4

21900

18900

5

19300

20000

(a) Calculated according to the formula */(cm”‘t) = 8065 AE° + 1200
(see text).
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basis for the above empirical equation, it is not possible to attempt a
more fundamental explanation for its inapplicability.
In summary, the spectroscopic, photochemical and electrochemical
properties of these compounds, conform very consistently with the
assumptions that have been made in order to explain them.

Therefore it

seems that the lowest energy MLCT bands for the complexes [Ru(bpy) 2 L]+
with L = 1, 2, or 3, come from the promotion of the excited electron to
the 2,2'-bipyridyl, whereas for the complexes [RuCbpy)^ L]+ with L = 4
and 5 , they come from excitation of the electron to the cyclometallated
azo type ligand.

The second lowest energy MLCT band seems to come from

excitation to higher energy LUMOs of the ligands.

Only the first three

compounds emit from a ^MLCT of the type [Ru^Cbpy)(bpy”) L]*+.
Ill
Apparently excitation to an excited state of the tpe [Ru
(bpy) 2
L J

, undergoes efficient radiationless decay to the ground state.

Compounds with L = 1 and 3 are stable in water in darkness, and after
prolonged irradiation whereas for L = 2 the compound decomposes in
water in darkness.

Higher lying metal d orbitals arise upon

cyclometallation, and the complexes are more easily oxidized.
Reductions of the complexes are ligand centered and reflect the position
of the LUMOs of the ligand in the energy axis (in general, the more
negative reduction potential is related to the higher lying unoccupied
level associated with the reduction process.)
ft-Rav Crystal Structure: Of all the compounds only for [Ru(bpy) 2

1 ]+ it was possible to obtain a suitable crystal for X-ray
cristallography. The structure of the cation, illustrated in Figure 30,
is one in which the Ru atom is seen to be coordinated in a distorted

Figure 30. Crystal structure of [Ru(bpy) 2 1]+
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octahedron with a twist angle of 51.1°.

The five pyridine rings are

individually planar to 0.018(7) 8 or better, and the two bipyridyls
exhibit dihedral angles of 4.6° (N1, M2) and 3.1° (N3, N4) between their
component rings.

The metallated phenyl ring is less planar, having

maximum deviation 0.033(8)8 for the coordinated atom C21. The phenyl
ring forms dihedral angles of 7.4° with the pyridine plane and 7.1° with
the plane of the nitro group to which it is bonded.
The Ru-C bond length, 1.997(7)8, appears to be quite short, at
least when compared to a calculated single bond distance.

In order to

calculate that distance it is first necessary to determine a Ru(II)
radius.

This can be done by first evaluating an [sp ] nitrogen radius,

for example, from ethyl amine, where C-N = 1.47(2)8 and substracting the
[sp^] carbon radius of 0.778, which yields O.7 0 8 . It might be noted
that the N-N bond length in diformylhydrazine is 1.371(7)8,^ which
supports 0.708 as a reasonable N[sp^] radius.

Then from the Ru(II)-N

distance found in Ru(NH^)g^+ of 2.1448,^ we deduce the radius of Ru(II)
to be 1.44A? When this is added to the [sp2] carbon radius of 0.748
(from C[sp^3 - C[sp^] = 1.5378 and C[sp2] - C[sp2] = 1.5108) we
calculate Ru-C = 2.188, and hence the shortening of this bond is
evaluated as 2.18 - 1.997 = 0.188.

This difference is quite

substantial, especially when it is compared to calculated metal-C[sp ]
shortenings of

O.loS in the palladium(II) compound of the same

cyclometallating ligand, [Pd 1 (C^H^Og)]^®, and of O.O5 8 in the
rhodium (III) compound, [Rh 12 Cl]^^.
The BF^“ anion is tetrahedral with an average B-F distance of
1.364(17)8 and average F-B-F angle of 109.5(17)8.

GENERAL CONCLUSIONS AND SUGGESTIONS FOR FUTURE RESEARCH
The synthetic method used in the preparation of these complexes
lacks the efficiency to produce the desired complexes in a better yield.
However, although several other reaction conditions were investigated,
this was the only method which it allowed to obtain the desired
products.

More experiments using the line of ligands lithiated in the

ortho position as starting materials may be the answer for an
improvement in the yields of the reactants.

Information is available in

the literature about lithiation of 2 -phenylpyridine,
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which would be a

good starting point towards improving the yield as well as for possibly
introducing two or three cyclometallated ligands into the metal
coordination sphere.
Two-dimensional NMR seems to be the best way to characterize these
types of compounds and would be a very useful tool in trying to Identify
the expected isomers when two or three cyclometallated ligands are
introduced in the molecule.
There are several requirements that a photosensitizer must satisfy
in order to be an efficient mediator in solar energy conversion
processes.

In the specific case of the water splitting reaction via an

oxidative quenching mechanism these requirements have been discussed.

25

Figure 31 helps to discuss these requirements, in which S is the
sensitizer and R the relay species.

The first step is the absorption of

solar radiation by the sensitizer.

The photosersitizer should absorb as

large a fraction as possible of solar radiation.

The visible spectra of

our complexes compared with those of Rutbpy^24- favor our complexes as
128

129

1H

cat.

cat

(Solar

radiation)

Figure 31. Schematic representation of the water splitting reaction by
solar energy via an oxidative quenching mechanism. S is the
photosensitizer and R the relay species.
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absorbing a larger fraction of solar energy (see Figures 3, 20, 21 and

22).
The second step involves the formation of the reactive excited
state of the photosensitizer which should be reached with unitary
efficiency regardless of the excitation wavelength.
rule out compounds [Ru(bpy) 2

These requirements

and [Ru(bpy) 2 5]+ in which the exicted

state rapidly experiences a nonradiative decay to the ground state even
at liquid nitrogen temperatures.

[Ru(bpy) 2 2]+ is also ruled out since

it decomposes in water in darkness to unknown products.
The third step involves the reduction of the relay molecule (R),
which implies (a) a sufficiently long excited state lifetime, (b) a fast
electron transfer quenching process, (c) the absence of other quenching
processes which can compete with electron transfer, and (d) an efficient
escape of the primary electron transfer products from the solvent cage.
The first requirement of this step rules out the remaining two complexes
prepared in this study [Ru(bpy) 2 1]+, which has a more intense emission
than [Ru(bpy) 2 2]+ and [Ru(bpy) 2 31+ at 77K, does not emit at room
temperature.

Furthermore, the fourth step involves the reaction between

the oxidized sensitizer and water; but the oxidation potentials found
for our complexes show that this is thermodynamically impossible in the
case of our compounds.
In conclusion, the cyclometallation on mixed
bipyridine-cyeloruthenated complexes does not yield more efficient
sensitizers for the photodecomposition of water to produce hydrogen.
However, from the stand point of basic inorganic photochemistry the
study of these new complexes has revealed the pattern for the expected
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effect of changing a Ru-N bond to a Ru-C bond in a given molecule, and
the dramatic change in their photophysical and photochemical properties
has been demonstrated and extensively doctsnented.
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